ナイブ コウゾウ ノ ヘンカ ト イホウセイ オ コウリョシタ ジバン ザイリョウ ノ コウセイシキ by Kimoto, Sayuri












Constitutive Models for Geomaterials
  Considering Structural Changes
December 2002
Sayuri KIMOTO
fConstitutive Models for Geomaterials




  In order to accurately predict the deformation of geomaterials in numerical simulations,
structural changes and anisotropy need to be incorporated into the constitutive model.
In the present study, constitutive models for clay and soft rock, considering structural
changes and anisotropy, are proposed. The ability of the model is evaluated with respect
to the localization of both shear and compressive strain and to the unstable behavior
during consolidation.
  The main subject of this dissertation can be divided into two parts, namely, a de-
scription of structural changes and a description of anisotropy. In order to describe the
structural changes, the static yield function and the overconsolidation boundary surface
are assumed to shrink with the viscoplastic deformation. The proposed elasto-viscoplastic
                    N
model is able to reproduce the results of undrained triaxial tests on Osaka Pleistocene
clay well. From an evaluation of the instability of the model, it is found that an unstable
region exists not only around the failure line, but also away from the failure line in the
proposed model.
  A finite element analysis of undrained and partially drained compression tests under
plane strain conditions is conducted to study the effect of structural changes on strain lo-
calization. It is seen in the resuks that the strain localization is promoted by the collapse
of the soil structure and that the structural parameters affect the geometry of the shear
bands. In the analysis of the partially drained compression tests, the localization of the
compressive strain is reproduced. Furthermore, one-dimensional consolidation are simu-
Iated. The proposed model can effectively reproduce certain types of unstable behavior
during consolidation, such as stagnation, or a temporary increase in pore water pressure,
and a sudden increase in the settlement rate.
  Next, an elasto-plastic constitutive model for soft rock and an elasto-viscoplastic con-
stitutive model for clay are extended to the anisotropic models by replacing the stress
tensor with a transformed stress tensor determined by the structural tensor. The pro-
posed model can describe the initial structural anisotropy specified by the sedimentation
plane. The model is applied to the experimental results of sedimentary soft rock sam-
pled in different directions, and well reproduces the anisotropic behavior with respect to
strength and dilatancy. Finally, the effect of anisotropy on strain localization is discussed
by means of a simulation of the compression tests under plane strain conditions. The
formation of shear bands depends on the anisotropic parameters.
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Chapter 1
1.1 Background and Objectives
Natural deposits are affected by the chemical bonding or the cementation between soil
particles during the sedimentation process. Under the effect called `aging', aggregations
and a linkage between assemblages are formed in the soil sPructure. The process by
which a structure is formed is affected by the chemical properties of the material, the
temperature, and the secondary consolidation. However, this process has not yet been
clarified. Moreover, the internal soil particles are arranged in one direction, generally in
a vertical direction, because of gravity. Natural deposits exhibit anisotropy due to the
arrangement of the microstructure.
   The properties of a soil structure make predicting the deformation of the geomaterials
difficult. The ability of a non-Iinear computational analysis to provide realistic simula-
tions of the behavior of soil depends directly on the capability of the constitutive model
used for describing the mechanical response of the soil skeleton. Many constitutive models
for geomaterials have been proposed and studied during the last three decades. Generally,
the models are developed for remolded clay in which the soil structure has been degraded.
The effect of the structure, however, cannot be negligible. It is well known that the char-
acteristics of the strength and the deformation of remolded soils are different from those of
intact soils. Types of unstable behavior such as the generation of pore water pressure after
the construction of the embankment, and secondary creep, caused by structural changes,
have been reported by many researchers. For example, the unpredictable settlement of
Kansai Intemational Airport is considered to be related to the degradation of the soil
structure in the Pleistocene clay Iayer due to the large load which the soils have never
1
had to bear. In order to predict such unstable phenomena by a numerical simulation,
effect 6f the soil structure has to be taken into account in the constitutive model.
the
   Changes in the microstructure also affect the strain localization. In the macroscopic
localized zone, the breaks down of natural microstructure with an increasing deformation
are clearly observed (Pusch 1970). Strain localization is generally considered to be impor-
tant as a presage of failure. It has recently been recognized that strain localization may
occur during compressive deformation, particularly for porous materials with a Iarge con-
fining stress, and the localized compressive deformation may cause a large displacement.
   It is well known that the mechanical behavior of geomaterials exhibits anisotropy due
to the anisotropic microstructure formed during the sedimentation process. Studies of mi-
crostructure of clays have shown that clay particles tend to become oriented perpendicular
to the major principal stress during one-dimensional consolidation. The orientation of soil
particles causes anisotropy behavior. Anisotropy has been confirmed in the shape of the
yield curve obtained from experiments on clay and soft rock (Tavenas and Leroueil 1977),
and by the directional character of the mechanical response to the load. Although the
mechanical behavior of anisotropy has been studied, an appropriate model has not been
proposed which can describe the anisotropic behavior of natural deposits.
   The present study is concerned with the numerical modeling of the structural changes
and the anisotropy of geomaterials, namely, clay and soft rock. The elasto-viscoplastic
constitutive model for clay is extended to consider the effect of structural changes and
anisotropy. In the proposed model, structural changes are expressed as strain-softening
with an increasing viscoplastic strain, so that the model can describe the instability not
only around the failure stress, but also during the compressive deformation. The effect of
structural changes on strain ldcalization during undrained and partially drained compres-
sion is evaluated. Furthermore, the model is applied to a one-dimensional consolidation
analysis in order to evaluate the property of the proposed model during compressive de-
formation. The elasto-plastic constitutive model for rock and the elasto-viscoplastic con-
stitutive model are extended to express anisotropic behavior based on the transformed
stress concept. By comparing the analytical and the experimental results, the ability of
the model is evaluated. The effect of anisotropy on strain localization is also studied using
the model for clay considering anisotropy.
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   As mentioned above, the main subject of this dissertation can be roughly divided into
two parts, namely, an expression for structural changes and an expression for anisotropy
in constitutive models. Firstly, the elasto-viscoplastic model, which considers structural
changes, will be presented. Then, the effect of the structure on shear localization will
be examined under both undrained and partially drained conditions. The performance of
the proposed model during the consolidation process, particularly the ability of predicting
unstable behavior will also be evaluated.
   Secondly, the elasto-plastic model will be extended to consider anisotropic behavior.
The model is applied to drained triaxial tests on soft rock. In addition, the effect of
anisotropy on strain localization is studied.
1.2 Scope and Organization
The dissertation consists of seven chapters, and the outline for each chapter is as follows:
   In Chapter 2, an extended elasto-viscoplastic constitutive Inode! for clay is proposed
which takes into account of structural changes. The proposed model can describe unstable
behavior not only around the failure stress, but also during compressive deformation. A
structural collapse is expressed as the shrinking of both the overconsolidation boundary
surface and the static yield surface with an increasing viscoplastic deformation. The static
yield function is continuously transformed when stress path crosses the boundary between
the overconsolidated region and the normally consolidated region, so that calculations can
be conducted continuously between both regions. We apply the proposed model to Osaka
Pleistocene clay, which shows the typical behavior of structural soil. In addition, the
instability of the model is evaluated for both undrained and drained creep conditions.
   In Chapter 3, the effect of structural changes on strain localization is evaluated through
numerical simulations of compression under plane strain conditions, Simulations are per-
formed under both undrained and partially drained conditions in order to examine the
effect on the compressive deformation as well as the shear deformation.
   In Chapter 4, the effect of structural changes on one-dimensional consolidation behav-
ior is examined. As a result, the model can reproduce the unstable phenomena well during
consolidation, such as a temporary increase in the strain rate and pore water generation.
3
   In Chapter 5, the modeling of the anisotropy of the geomaterials is studied. An
elasto-plastic constitutive model for soft rock is extended to consider the anisotropy based
on the transformed stress method proposed by Boehler (1977). Simulations of drained
triaxial compression tests are performed, and the simulation results are compared to the
experimental tests on Tomuro stone sampled in different directions.
   In Chapter 6, the elasto-viscoplastic constitutive model for clay is extended to an
anisotropic model in a similar way to that used in Chapter 5. The effect of the anisotropy
on strain localization is studied through a numerical simulation of undrained compression
under plane strain conditions.
   In Chapter 7,
work are given.





It is generally known that the natural clay and the reconstituted clay exhibit different
behavior in the laboratory tests such as triaxial tests and oedometer tests. The natural
clay, namely, the undisturbed clay, provides the apparent peak strength and then exhibits
brittle behavior, while the reconstituted clay gives a smaller strength than the undisturbed
clay even at a smaller void ratio and it shows strain-hardening behavior. We consider the
difference is due to the microstructure of soils.
  Fig.2.1 shows the schematic pictures of the soil structure for the undisturbed clay and
the reconstituted clay. The natural microstructural pattern is characterized by a network
of small aggregates connected by Iinks of particles, as shown in Fig.2.1(a). Pusch (1970)
investigated the microstructural changes in soft sensitive clay, and showed that the links
break down with an increasing shear deformation, and then, the majority of the links
is broken in the residual strength while the aggregate are still intact. In contrast, the
links are mostly broken down in the reconstituted clay (Shigematsu 2002), as shown in
Fig.2.1(b).
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Figure 2.1: Schematic pictures of the clay structure for the undisturbed glay (Pusch 1970)
(a), and the reconstituted clay (b)
                b•
   Some models which consider the effect of soil structures have been proposed. Di
Prisco, Matiotti, and Nova (1992) formulated a constitutive model which could describe
the mechanical behavior of grouted sand specimens. The tensile strength parameter
decreases with an increasing plastic strains, so that the model can describe the degradation
of the strength. Asaoka, Nakano, and Noda (2000) introduced the superloading yield
surface concept to the original Cam-clay model in order to describe some aspects of the
mechanical behavior of highly structured soils. Furthermore, Oka, Adachi, and Yashima
(1998) extended the elasto-plastic constitutive model for soft rock in order to describe the
negative dilatancy with strain softening behavior by considering the change in the initial
volumetric component of stress history tensor and the shrinkage of the overconsolidation
boundary surface.
   In the present study, an elasto-viscoplastic model for water-saturated clay proposed by
Adachi and Oka (1982) is extended to consider the concept of soil structures. The model
is based on Perzyna type of viscoplasticity theory (Perzyna 1963) and a Cam-clay model.
Since it has been pointed out that the original model could not describe an accelerating
creep process or a creep rupture, Adachi, Oka, and Mimura (1987a) introduced a second
material function, Åë2, in order to reproduce unstable soil behavior such as accelerating
creep under undrained conditions. Furthermore, Adachi, Oka, and Mimura (1987b) mod-
ified the original model by controlling the viscoplastic parameter with a stress ratio, so
that the model can describe undrained creep ruptures around the failure stress ratio.
   These modified models can express unstable behavior only when the stress ratio ap-
6
proaches the failure stress ratio. On the other hand, unstable behavior during the consol-
idation process, whereby the stress paths depart from the failure line, has been observed.
Bishop and Lovenbury (1969) and Leroueil et al. (1985) conducted drained creep tests on
undisturbed clay, and observed creep failure and a temporary rise in the strain rate with
an increasing pore water pressure. Mitchell (1986) pointed out that the observed pore
pressure stagnation or its continuous increase during consolidation might be caused by
the structural breakdown of sensitive clay.
   We propose the model which describes the viscoplastic strain-softening which is re-
lated to the structural changes in the present study. Structural changes are described as
shrinking of both the overconsolidation boundary surface and the static yield surface with
the evolution of the viscoplastic strain. In the following, the developed model will firstly
be presented. Simulations of undrained triaxial compression tests for both normally con-
solidated and overconsolidated clays are performed in order to evaluate the performance of
the proposed model. Next, the model is applied to the experimental results of undrained
triaxial compression tests for Osaka Pleistocene clay. Finally, the instability of the pro-
posed constitutive equation will be evaluated for both undrained creep and secondary
compresslon.
2.2 Elasto-viscoplastic Model for Clay
In the present study, the concept of Terzaghi's effective stress for water-saturated soil is
used as
                             aij•=aEo+zew6ij (2.1)
where aiJ• i's the total stress tensor, al•j• is the effective stress tensor, iL. is the pore water
pressure, and 6iJ• is Kronecker's delta. It is assumed that the strain rate tensor consists
of an elastic strain rate tensor and a viscoplastic strain rate tensor, so that
                              S,, -S& +SY•,P• (2.2)
2.2.1 Elastic Strain Rate
Elastic strain rate S,e•2• can be broken down into
                                      1
                             6,e• ,• =e,e, +ss: 6,, (2.3)
where e,e•j is the deviatoric component of the elastic strain rate tensor and Sg is the elastic
volumetric strain rate (Sg = Sfi + eS2 + Sg3).
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   The elastic deviatoric strain rate is given by
                                     1•
                                e,e•j-2G si,• (2.4)
where G is the elastic shear coeflicient, Si]• is the deviatoric stress tensor (Sij• = oC•j• -oh6io•),
and the superimposed dot denotes the time differentiation. oh denotes the mean effective
stress (ah = gakk). The elastic shear coeflicient G is assumed to be proposional to VEili
as
                                        tl
                                       am
                               G= Go , (2.5)
                                       ofmO
in which Go is the value of G when ain == aino.
   Considering a proportional relation between void ratio e and the logarithm of ah in
the isotropic swelling process, the following incremental relation is obtained:
                                      da'
               pt dee =-K a;,r,n (2'6)
where dee is the elastic component of the void ratio increment and dah denotes the
increment in mean effective stress. K is the swelling index determined by the slope of
the volumetric unloading curve on the natural logarithmic scale. The elastic volumetric
strain increment can be given as
                                      dee
                            d8g=-1+,, (2.7)
                                     rc da'
                                           m
                                    1+ eo oh
in which eo is the initial void ratio. Hence, the elastic volumetric strain rate is obtained
as the following:
                                        't
                                    Ka
                              S:= i+ee i;2'll) (2'8)
2.2.2 OverconsolidationBoundarySurface
In the constitutive model for overconsolidated soils proposed by Adachi and Oka, it is
assumed that an overconsolidation (OC) boundary surface exists which delineates the OC
region (fb Åq O) from the normal consolidated (NC) region (fb ) O). In previous papers
(Adachi and Oka 1984; Oka 1992; Oka et al. 1999), a sirnilar OC boundary surface was
used in an elasto-plastic model for sand and overconsolidated clay. The OC boundary
surface was introduced to control the value of M" in the plastic potential function and
the yield function.
                                                                    '
                       fb =ijfo)+Mh ln (ah/ahb) =O (2.9)
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where ij('o) is the relative stress ratio defined by
                     nto) ={(n,"•j -n,'i(o)) (n,*•j -n,'•,(o))}ii2 (2.io)
in which (O) denotes the state at the end of the consolidation, in other words, the initial
state before deformation occurs. n,*•i is the stress ratio tensor (ny,'o• = ;Stf-) and Min is the
                                                          mvalue of n* = n,"•j•n,*•j• when the volumetric strain increment changes from compression
to swelling. ahb controls the size of the surface and ainbi is the initial value of ahb,
which is defined as the isotropic consolidation yield stress. Regarding the structured soil,
which has been affected by chemical bonding, secondary consolidation, etc., namely, the
aging effect, the consolidation yield stress exceeds the largest stress that the soil has ever
suffered. That is called quasi--overconsolidated soil. Therefore, it is appropriate to define
the quasi-overconsolidation ratio as the ratio of consolidation yield stress ohbi to the mean
effective stress at the end of consolidation aho, that is, OCR" == ahbi/aho•
   The OC boundary surface described in Eq.(2.9) can be written as follows in the triaxial
stress state of (a'n7a53,o53):
                   fb = (Eil, ;) -(El}, ;) (,) +Mm ln cra.,hb ,=o (2 11)









      Figure 2.2: Overconsolidation boundary surface under triaxial conditions
   Originally, the hardening rule for the OC boundary surface was defined with respect
to the viscoplastic volumetric strain as
                         ahb=ah,, exp (IA +- e.O Egp) (2.12)
9
where. A and K are the compression and the swelling index which are determined by the
slope of the volumetric loading and unloading, respectively, on the natural logarithmic
scale, and eo is the initial void ratio.
   In order to describe the degradation of the material caused by structural changes,
strain-softening with the viscoplastic strain is introduced in addition to the hardening
with the viscoplastic volumetric strain as
                        ainb=ah. exp (iA +- e.e egp) (2.i3)
in which ah. is assumed to decrease with an increasing viscoplastic strain as
                     oha = ahaf + (ah., - ain.f) exp(-rsz) (2.14)
where z is an accumulation of the second invariant of the viscoplastic strain rate.
                                Z= fot2dt
                                                                    (2.15)
                                       1
                             2 == (S7,,P. S7,P, )S
                                                                    (2.16)
ah.i and ah.f are the initial and the final values of ah. respectively. Assuming that
the value of ahb coincides with consolidation yield stress ahbi before the viscoplastic
deformation occurs, namely, sUP = z = O,
                               0inbi" ahai (2•17)
is obtained. 5 is a parameter which denotes the degradation rate of ah.. Hence, two
independent parameters, ain.f and 5, are introduced to describe the soil structures. The
ratio of ah.f to ah.i, namely,
                              "= 0haf/0inai ' (2 ny 18)
provides the degree for a possible collapse of the structure at the initial state.
2.2.3 Static Yield Function
The mechanical behavior of clay at its static equilibrium state is assumed to be described
by the original Cam-clay model (Adachi and Oka 1982). The following static yield function
is used:
                                   -' at
                                     *ln ,:) ==O (2.19)                         fY = ijto) +M
                                        amy
                     "fo)= {(n,"2 -n,'o•(o)) (nf, -n,"•j(o))}'i2 (2.2o)
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In the above equation, ain(Sy) denotes the mean effective stress in the static equilibrium
state, where stress may be reached after an infinite period of time. Accordingly, fy == O
represents the static state in which no viscoplastic deformation occurs.
   Considering volumetric strain hardening, the hardening rule of ain(Sy) was originally
given as follows:
                         ain(s,) == ain(S,), exp (IA +- e.O szp) (2.21)
   In a similar way for OC boundary surface fb, strain-softening is defined in order to
express the effect of a structural collapse through changes in ain(Sy) with the viscoplastic
stram.
          ah( S,) == {n + (1 - n) exp(- 5z)} ffin( S,), exp (IA +m e.O sgP) (2.22)
               .. {a;naf + (a;nai ii;.{iml "f)eXP(-'BZ)}cT;E(s,), exp (iA+- e,,OEzp) (2•23)
The decrease in ain(S,), defined by Eq.(2.23), leads to the shrinking of the static yield
function according to the structural collapse.
2.2.4 Viscoplastic Potential Function
The viscoplastic potential function is given as follows:
                                    N at
                          fp=nto)+M'ln.,M :O (2.24)
                                         mp
where M* is assumed to be constant in the NC region. The value of M' varies with the
current stress and ah, in the OC region as
                      M*=(li[iMl(.E'i3,Åí'., li8 (225)
where ah, denotes the mean effective stress at the intersection of the overconsolidation
boundary surface and the ah axis as
                           , , n,*•j(o) n,*•j(o)
                         a., :a.bexp M, (2•26)
                                          m
In the case of isotropic consolidation, oh. equals ohb. The overconsolidation boundary
surface, fb, the static yield function, fy, and the viscoplastic potential function, fp, for
ny,*j(o) == O, are illustrated in the ain- Sio• Sio space in Fig.2.3 for the NC region and in Fig.2.4
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Figure 2.3: OC boundary surface, static yield function, and potential function in the NC region
pt tstySij
      yOyxeg!uC
12tcll
M
                                :'fi
                                urA
                                 0
                                                  Omt
                             -Oml/S) -Omb=Omc
Figure 2.4: OC boundary surface, static yield function, and potential function in the OC region
for the OC region, respectively. ahb and ain(Sy) decrease with an increasing viscoplastic
strain. Although the inside of the static yield function is defined as the elastic region, the
initial value of ain(Sy)i, which is included in parameter Co introduced later, is assumed to be
very small, so that the current stress state is always outside of the static yield function.
The static yield function as well as the potential surface is transformed smoothly between
the OC and the NC regions, so that calculations can be conducted continuously without
interruption.
2.2.5 ViscoplasticFlowRule
Viscoplastic strain rate tensor SY•jP• is given as the following equation based on
overstress type of viscoplastic theory (Perzyna 1963):
                                        af,




where the symbol ÅqÅr is defined as
                     ÅqÅë,(f,) År==( ,Oi('y) l l; l.g (2.2s)
in which fy = O denotes the static yield function, fp == O is the viscoplastic potential
function, and Åëi denotes a material function for rate sensitivity. Herein, the value of fy is
assumed to be positive for any stress state in this model, in other words, the stress state
always exists outside of the static yield function, so that the viscoplastic deformation
always occurs,
                                                  '
  Based on the experimental results of the strain-rate constant triaxial tests (Adachi
and Oka 1984), material function Åëi is defined as
orÅëi (fy) = C' exp {m' f,}
       .. ofo)+M'in.a.,#,,))]
                                1I
                          -* amai . am
       - oin(S,)i {ah.f+(ah.i-ain.f) exp(-5z
       .. c' exp ) exp (m' (njo) + M' ln ain. exapM'( A3egp))]
       = ln .h. e.apM'(A,ssp))) '
where,
                                   1+eo
                              A3 ==
                                   A-K
               rtWh  en we asSuMe amai == 0mbi;
                  orÅëi(f,) = co exp (m' (o:o) + M" in .a.,h,)1
Substituting Eq.(2.31) into Eq.(2.27) gives the viscoplastic strain rate as
                 sy,p. == coexp(m'(nto)+th'in.a.th,))aO.f,P,j
  Finally the viscoplastic deviatoric strain rate and the viscoplastic strain rate
tained as follows:
              ey,p - c,exp(m'(nt,)+th*in.a.,h,)]aasf,P,j
                   = co exp(m' (nto) +M' ln .U.th,)) opZ"j' E-f,Zij(O)
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 C' exp (m' (ijto) +M ln
      (.,.th* ln giz,(/,)2,








          6gp .,, coexp(m'(nto)+th'in.a.,hb)1oOafk"k
              = Co exp (m' (ij("o) + M' ln .a.,h,)] (.th* - nz"j(epz*;.:,,)nt*o(o)))
2.3 DeterminationofMaterialParameters
Given below are the ten material parameters for the proposed equations.
   e Initial void ratio eo, compression index A, and swelling index rc
   e Elastic shear modulus Go
                pt
   e Compression yield stress ohbi
   e Stress ratio at maximum compression Min
   e Viscoplastic parameters nz' and Co
   e Structural parameters oin.f and 5
The procedure for determining these parameters is as follows.
obtained from tests for physical properties. Compression index A and
are given by the slope of the isotropic consolidation and the swelling tests,
Compression yield stress ahbi is assumed to be determined from the yield
isotropic consolidation tests.
   Elastic shear modulus Go can be determined from the initial slope of the
triaxial compression tests as
                                    1 Aq
                               Go == 5A6ii
or the drained triaxial compression tests as
                                    1 Aq
                               Go=-
                                    3 Aeii
where Aq is the increment in the deviator stress, namely, q =: ali - a53,
increment in the axial strain, and Aeii is the increment in
ell = 611 - e./3.
   Other material parameters are determined from
The stress ratio at maximum compression Min is defined as the stress ratio
maximum compression occurs in the drained compression tests.
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(2.34)
Initial void ratio eo can be
        swelling index rc
           respectively.
           point of the
             undrained
                 (2.35)
                         (2.36)
                     AEn is the
      the deviatoric strain, namely,
undrained triaxial compression tests.
                       whereby
          For clay, however, it has
been assumed to equal the stress ratio at the critical state. Herein, Mh is determined
from the stress ratio at the residual state in the undrained triaxial compression tests.
   Viscoplastic parameter m' can be determined from undrained triaxial compression
tests with different strain rates. From Eq.(2.33), viscoplastic deviatoric strain rate eY{ in
triaxial stress state is obtained as
                 e:? == Vllco exp (m' (VtilEli,;+ th" in ih,)l (2 37)
Considering the undrained conditions, and assuming that the elastic strain rate is negli-
gible, we obtain eYe = Sii. When undrained triaxial tests with different strain rates Siii)
and Si2i) are performed, the following equations are obtained at the point where the mean
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Figure 2.5: Determination of parameter m'
 '6m
                  2i',)) == exp (m'G ((E3, ;) (i) - (Efl, ;) (2))) (2 3s)
                         .•-Vfli(ilEh E) liliillnf, i)?,',, (2 3g)
When m' is determined, viscoplastic parameter Co is obtained from Eq.(2.37). The de-
termination of structural parameters ah.f and 6 will be discussed in the next section.
2.4 NumericalSimulationofUndrainedTriaxialTests
The ability of a non--linear computational analysis to provide realistic simulations of the
behavior of soil depends directly on the capability of the constitutive model used to
describe the mechanical response of the soil skeleton. In this section, simulations of
15
undra.ined triaxial tests are conducted to investigate the performance of the model in-
cluding dilatancy characteristics and stress-strain relations in both NC and OC regions.
In particular the effects of structural parameters ah.f and 5 will be studied.










2.4.1 Characteristics of Normally Consolidated Clay
Numerical simulations of undrained triaxial compression tests are conducted using a nu-
merical approximation, nameiy, the Runge-Kutta method, by giving incompressive strain
rates of (Sii,S22,S33) = (eii,-56ii,-SSii) under the triaxial stress state. A strain rate
of Sn=:O.O05%/min is provided for all calculations. The effects of structural parameters
a;..f and 5, vv'hich are introduced in the present study, are examined in the NC region.
   At first, parametric studies on the changes in ahaf are Performed. 5 is set to be 10 in
all calculations. The remaining soil parameters are listed in Table 2.1. Fig.2.6 provides the
stress-strain relations and the effective stress paths obtained from the simulations. From
Fig.2.6, it is confirmed that parameter ah.f controls the degree of the decline in peak
stress. In the original model, which corresponds to the case of ah.f == 580 (=ah.D, the
stress state remains constant in a residual state. The smaller the value of oh.f becomes,
the lower the residual stress becomes. Fig.2.7 shows the effect of 6 in the NC region. The
material parameters used in the calculations are the same as those listed in Table 2.1. In
the calculations, ah.f is set to be 300 kPa. Fig.2.7 confirms that 5 determines the rate of
the degradation of strain-softening, The larger the 5 value becomes, the faster the stress
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2.4.2 Characteristics of Overconsolidated Clay
Similarly parametric studies for ah.f and 6 are conducted in the overconsolidated regions
of OCR=2.0 and 5.9. The material parameters for the overconsolidated soils are listed in
Table ??. The parametric studies of ah.f and 5 for OCR=2.0 are shown in Figs.2.8 and
2.9, respectively. The effects of the structural parameters are similar to those obtained
in the NC region. The parametric studies of the structural parameters for OCR=5.9 are
shown in Figs.2.10 and 2.11, respectively. These results reveals that structural parameter
ah.f provides the residual state of the soil, which is related to the degree of initial struc-
ture, while 5 controls the rate of collapse of the structure.
   It should be noted that e:•,"•
nz*•J•(o) = O• It is because M' =
and SgP take a small value in the OC region in the case of
     **-i.(.Et!'.n:,) is obtained from Eqs.(??) and (??). Conclu-
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Conclusively,
                            ofo)+M* in ih, -o (2.4o)
is approved in Eq.(2.32) when n,'•,(,) = O in the OC region. In Figs.2.8(b)"-2.11(b), the
stress paths depart from the OC boundary surface before softening occurs, and accord-
ingly, strain-softening occurs in the NC region in the calculations. Consequently, oh.f can
be determined from the residual stress; 5 is then determined by a curve fitting method
during strain-softening from the undrained triaxial tests.
2.4.3 Application to Osaka Pleistocene Clay
In this section, the model is applied to Osaka Pleistocene clay, namely, Kyuhoji clay
and Tsurumi clay. These are sampled from the upper Pleistocene layer called Ma12,
which is distributed widely in the western and eastern part of Osaka at a depth of 20-
40 meters (Shigematsu 2002). These are marine clays containing diatoms, and exhibit
sensitive behavior, which is due to the effect of structures formed during the sedimentation
process.
   Fig.2.12 compares the undrained compression test results between undisturbed, namely,
natural and reconstituted samples for Kyuhoji clay (Yashima et al. 1999). Both of undis-
turbed and reconstituted clays were sheared with an axial strain rate of O.O05%/min after
isotropica!ly consolidation with a confining pressure of 392 kPa, which is a little larger
than the compression yield stress of 340 kPa. The initial void ratio of the undisturbed
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the OC region (OCR=2.0)
and 1.02 for the reconstituted clay. The undisturbed clay exhibits larger strength and
the deviator stress decreases after the peak stress in Fig.2.12. Fig.2.13 shows the results
of simulations. The material parameters used in the simulations are shown in Table 2.3.
The structural pararneter ah.f is set to be 280 kPa for the undisturbed clay, and 5 is set
to be 10 for the undisturbed clay and O for reconstituted clay. 6==O provides the orig-
inal model which does not describe structural changes. The values of Co contains ain(Sy),
concerning the degree of initial structures in the derivation (Eq.(2.29)), Since the degree
of the initial structure of the reconstituted clay is considered lower than the undisturbed
clay, the larger value of Co is given for the reconstituted clay. Fig.2.13 confirms that the
proposed model can describe the difference of the behavior between the high structured
and the low structured soils.
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   Fig.2.14 shows the undrained triaxial compression test results for Tsurumi clay, which
contains more diatoms than Kyuhoji clay (Yashima et al. 1999). The axial strain rate
is O.O05Yo/min, and the overconsolidation ratios are 1.0 (NC), 2.0, and 5.9. The ratios
are determined based on an isotropic yield stress of 580 kPa. Fig.2.15 provides the sim-
ulation results by the proposed model considering the soil structure. In the calculations,
a constant strain rate of O.O05%/min is adopted. The material parameters used in the
calculations are listed in Table 2.4. Figs.2.14 and 2.15 confirm that the model can well
describe the strain-softening behavior for the NC clay and the heavily overconsolidated
clay, that is, OCR=5.9, in both the stress-strain relations and the stress paths. In the
case of OCR=2.0, the mean effective stress decreases after the peak stress in the stress
path of the experimental results (Fig.2.14(b)), while it increases after the peak stress in
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the simulation (Fig.2.15(b)). The reason is that the viscoplastic volumetric strain is as-
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Table 2.4 : Material parameters for Tsurumi clay
Parameters NC OCR==2.0 OCR=5.9







ViscoplasticparameterCo(1/s) 1.3Å~lo-13 4.0Å~lo-i3 1.0Å~lo-iO
Structuralparameterah.f(kPa) 300 290 370
Structuralparameter6 20 45 40
  700
                        OCR=1. 0
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2.5 Instability of the Model
The objective of this section is to clarify the instability of the proposed model. The
instability is discussed in the sense of Liapunov, that is to say, the instability is evaluated
based on whether or not the values approach the solutions at an infinite time, when
slightly different initial values for the solutions are provided. Firstly, the instability is
evaluated for the undrained creep conditions. Secondly, it is evaluated for constant stress
conditions, namely, the secondary consolidation. i
2.5.1 Instability During Undrained Creep
                '
Under conventional undrained creep conditions, the volumetric deformation does not oc-
cur and Vhe deviatoric stress is kept constant. Since the deviatoric elastic straln rate is
              ptzero under creep conditions, the total strain rate is equal to the deviatoric viscoplastic
              'strain rate as
                                  1
                         sij =eij +s6. 6ij =e,j =ey•,p• (2 .41)
From Eq.(2.33), the second invariant of the deviatoric viscoplastic strain rate is expressed
as
            I2 = I," = e,"•,"e' 7,P• == Cexp [m' (n"+ M" (ln .a.,h. - yin) ]] (2•42)
                              , 1+ eo
                            dy. = A-.dEgP (2.43)
                              , V275
                             n= .in (2.44)
where n,' j(o)=O and M* = M*(=const.) are adopted for the normally consolidated speci-
men under isotropic conditions. In order to express the degradation of the soil structure,
the diminution of ain. is given in the following equations, as previously mentioned:
                       aha == oh.f+ah.bexp(-5z) (2.45)
                         2= gY,PE'7•,P•,z== f,`2dt (2.46)
                        t lt
                       amab = amai M amaf
A stress-dilatancy relation is obtained as
                            SZP-(M*-n*) I,P (2.47)
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   Since SgP = -Sg is satisfied under undrained conditions, the rate of mean effective
stress dh can be related to volumetric viscoplastic strain rate S8P as
                         gl} ,. 1+. eo gg=-1 +. eo szp (2.4s)
The rate of change in stress rate O* is expressed as
                     o* =-n* gltx =1+. eO n* (M*-n*) I,p (2.4g)
Differentiating Eq.(2.46), with respect to time, gives
                                  dh.=-52ahb exp (-6z) (2.50)
               2= s7,P•s7•,P= I,P2+egP2= 1+(M*-n*)2I,P (2.sl)
Consequently, we obtain the differentiation of the second invariant of the deviatoric vis-
coplastic strain rate with respect to time as
i, == m, (n*+M*(glt:-gte,:-yh))i,
   = m' (-1 +. eO (M* - n") (A l .M* - n") + fiahab e.XhP. '(M5Z) M* 1 + (M* - n')2) [I:
where
              ai (n*, z) = - i +. eO (M" - n') (A 2 .M' - n')
                         + 5ahab e.XhP. (- 5Z) M" 1+ (M* - n*)2 (2•53)
For simplicity, Eq.(2.52) is rewritten as ,
                                 Y= aiy2 (2.54)
where
                                  y=I2 (2.55)
By integrating the differential equation under the initial conditions whereby y == yo when
t == O, the solution of Eq.(2.54) is obtained as
                              y= (1 -Y.O,ty,) (2.s6)
Let us consider two solutions, yi and y2, for two slightly different initial values for y. At
t = to, yo2 = yoi +E in which yoi and yo2 are positive initial values for y and s•is a small
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positiye constant. At time t, the difference between the two solutions can be evaluated
by the following equation:
                                        E
                   lyi - y21 =
                                                                    (2.57)
                             1(1 - aitz/oi)(1 - ait(!/oi + E))l
If ai is negative, the difference becomes zero when t - oo. This means that the solution
is asymptotically stable in the sense of Liapunov. If ai is positive, on the other hand, the
difference between the two slightly different solutions becomes infinite at a finite time.
This indicates that the solution is unstable when ai is positive. The positive sign of
function ai (n", 2) in Eq.(2,52) leads to a positive value for the time differentiation of the
strain rate, namely, the acceleration of strain in a local sense.
   In the case that 6 equals to zero in Eq.(2.53), which corresponds to the original model,
               ptthe sign of ai depends only on the stress ratio, and J2 always denotes a negative in the
region of M* År n*. In contrast, the unstable region can not be captured by the current
stress in the present model, that is, depending on the stress-strain history, specifically, z
and ah.. The model shows instability even at low stress ratios. Since the second term in
function ai (n*, z) decreases with an increasing z, the possibility that the will be unstable
at the current stress ratio' under undrained creep conditions, can be evaluated by replacing
O with z in Eq.(2.53) as
  ai (ep', O) = 5(1 - n)M' 1+ (M' - n")2 - 1 +. eO (M' - op*) (Al.M* - ep") (2.ss)
In Eq.(2.53), n is the ratio of the final value of ah. to the initial value, namely, ain.f/ain.,.
   When the material parameters are set at, eo = 1.70, A = O.508, rc = O.0261, and
M" = 1.09, unstable condition ai (op*, O) År O can be written as
                            103(109 - n') (1.15 - n*)
                      5År
                                                      (2.59)
                          1.09(1 + n) 1 + (1.09 - n*)2
   Fig.2.16 shows the unstable region where Eq.(2.59) holds for n" == O,O.5, and 1.0. If
the sets of material parameters for n and 6 do not satisfy Eq.(2.59), the material cannot
be unstable at a stress ratio of n*. The Iarge value of 5 and the small value of n lead to
the unstable condition.
   For the purpose of evaluating the sign of instability index I2 during a q ==constant
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Figure 2.16: Region of parameters n and 6 satisfying ai ÅrO (Undrained creep)
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Figure 2.17: Stress paths of undrained creep for NC and OC clays
compression stress state are conducted with the Runge-Kutta method. The initial effective
stress levels are 580 kPa for normally consolidated clay and 100 kPa for overconsolidated
clay, as illustrated in Fig.2.17. The material parameters for Tsurumi clay are used in
the calculations listed in Table 2.4 except structural parameters of ah.f and 5. Material
parameter n is set to be O.5 in all calculations, and 6 is set to be 20, 40, and 80 for both
NC and OC clay. The deviator stress levels are applied in a second for each case and kept
constant until the sign of the index, I2, becomes positive.
   Figs.2.18 and 2.19 show the obtained unstable regions during undrained creep for
normally consolidated and overconsolidated clay at the initial state, respectively. In the
case of the original model, J2 becomes positive only in the region of M' Åq n* Åq AM'/(A-
K), as shown in Fig.2.19, while in the present model, the unstable regions change with the
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 2.19: Unstable regions during
undrained creep simulations (op" År M*)
   In the process of deriving Eq.(2.52), M* is assumed to be constant. In the overcon-
solidation boundary surface, fb Åq O, however, dilatancy coeficient M' changes with the
current stress. The viscoplastic deviatoric strain rate eYe takes a constant value in the OC
region when n,*•j(o) = O under a triaxial stress state since Eq.(2.40) is satisfied. Accordingly
I2 = O holds in the overconsolidation region. In other words, no unstable region exists in
the overconsolidation boundary surface, as seen in Fig.2.19.
2.5.2 Instability During Secondary Consolidation
Let us consider the secondary consolidation in which stress is kept constant under drained
conditions. The elastic deformation does not occur in this case. The differentiation of the
second invariant of the deviatoric strain rate with respect to time under constant stress
yields
    i, - m'M'(-g3,:-yin)i2
        = m'M' I- IA +- e.O (M* - n,') + 5ahab e.XhP. (ff 6Z) 1+ (M* - n,* )2) [J2]2
        =m'M'a2 (z) [I2]2 (2.60)
in which
          a2 (z) = - IA +- e.O (M' - n.*)+ 60in"b gX., P. (-5Z) 1+ (M* - n,')2 (2.61)
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where n,' denotes the creep stress ratio.
   The differentiation of the volumetric strain with respect to time is expressed as
S' v = (M* - nyc') I2
   = m'M* (M* - n.") (-IA+-e.O (M* - n.*) + 50hab e.XinP.(-5Z) 1+ (M' - n,*)2] [I2]2
   = m'M* (M"-n:)a2 (z) [I2]2 (2.62)
The condition of instability for the deviatoric strain is given as a2 (z) År O; for the volu-
metric strain, the condition of instability is
                          a2 (z)ÅrO and M"Årn," (2.63)
Note that if a2 (z) Åq O is satisfied in Eq.(2,61), M* År n.* should also be satisfied. Then, it
follows that b' . Åq O is obtained when a2 (z) Åq O. The condition of Eq.(2.63) is related to
unstable behavior of the compressive deformation. It cannot be described in the original
model since
                      s'.=-m'M* (M"-n:)2 iA +- e.O Åqo• (2.64)
is obtained by setting 5 at zero in Eq.(2.62).
   The condition a2 (z) År O yields
                 .5+(1(i-nh?X,P.ft-5sZ).)År l'illi'l'((MM*.-mnni)),=cc (265)
where n = ain.f/ah.,. The left side of Eq.(2.65) decreases with an increasing z; the state
becomes stable even if the initial condition is unstable in the secondary consolidation.
Supposing z equals zero in the initial state, the condition of instability Eq.(2.65) yields
                               5' (1 2C .) (2'66)
   The region of n and 6 which satisfies Eq.(2.66) for n' =O, O.5, and 1.0 is schematically
shown in Fig.2.20. The material parameters are set to be the same as those for undrained
creep, namely, eo=1.70, A==O.508, K=O.0261, and M'==1.09. If a set of parameters exists
in the unstable region shown in Fig.2.20, the soil becomes unstable at a stress ratio of
n,". This presents a description of an accelerating creep of volumetric strain at a constant
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 Figure 2.20: Region of parameters n and 5 satisfying a2 ÅrO (Secondary consolidation)
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2.6 Summary
In this chapter, an elasto-viscoplastic constitutive model was developed to consider the ef-
fect of the structural changes in soils. The proposed model has been applied to undrained
triaxial tests on Kyuhoji clay and Tsurumi clay which are typical structured clays. The
model can well reproduce the stress-strain relations and the stress paths in undrained
triaxial tests in the NC region and heavily consolidated region. In the slightly overconsol-
idated state, however, the stress path after the peak stress cannot be adequately described.
Furthermore, the instability of the proposed model was evaluated during both undrained
creep and secondary consolidation. Unstable regions were found to exist around the fail-
ure line in both NC and OC regions in the undrained creep simulation, which is related
to the creep failure and the strain-softening behavior around the failure stress ratio in
undrained compression tests. The model also exhibits instability in the secondary consol-
idation in which the stress remains constant. It is related to types of unstable behavior
during consolidation, such as a sudden increase in strain rate or pore water generation.
It should be noted that the instability depends not only on the present stress state, but





The problem of strain localization in geomaterials has been studied in the context of
experimental, theoretical, and numerical approaches over the last three decades. The
conditions for strain localization have been captured in a bifurcation analysis by Rice
(1976). Rudnicki and Rice (1975) discussed the localization of deformation as a result of
an instability in the constitutive description. They showed that faulting or shear banding
may be considered a type of constitutive instability in the sense of a bifurcation appearing
in the deformation rate field. Furthermore, Olsson (1999) and Issen and Rudnicki (2000)
recognized that the approach of Rudnicki and Rice (1975) could be applied to explain not
only shear bands, but also the origin of compaction bands, which are formed perpendic-
ularly to the maximum compressive stress. They discussed the possibility of predicting
compaction bands using a set of material parameters.
   Strain localization is considered to be affected by both the instability of material and
the geometric instability of the deformation. The former is related to the strain-softening
characteristics of the material due to the degradation of the microstructure. The latter is
the macroscopic instability which is caused by boundary conditions. Both probably affect
each other in the strain localization phenomenon.
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   The objective of this chapter is to study the effect, considering structural changes in
the constitutive model, on both shear and compressive localization. We have performed
finite element analyses for both undrained and partially drained compression tests for sat-
urated clay under plane strain conditions, and have discussed deformation characteristics
including the distribution of both shear and volumetric type of strain, effective stress, and
pore water pressure.
   Firstly, finite element formulations are presented. Secondly, numerically simulated
results of undrained compression are shown. Finally, numerical simulations of partially
drained compression tests are presented to discuss the compressive deformation.
3.2 Finite Element Formulation for Strain Localiza-
              pt
       tion Analysis
In this section, a finite element formulation for two-phases mixtures based on the finite
deformation theory, is presented. Governing equations of the coupling problem, involving
the soil skeleton and pore water, are obtained through the application of the two-phase
mixture theory by Biot (1962). For a simple and practical formulation, both the grain
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Figure 3.1: Finite elements and Gauss integration points
   In the formulations, an updated Lagrangian method with the objective Jaumann rate
of Cauchy stress is used for a weak form of the equilibrium equation. An eight-node
quadrilateral element with a reduced Gaussian two-point integration is used for the dis-
placement to eliminate shear locking and to reduce the appearance of a spurious hourglass
mode. The pore water pressure is defined at the four corner nodes (see Fig.3.1).
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3.2.1 EquilibriumEquation
Based on the definition of Terzaghi's effective stress, the total stress tensor is expressed
as
                            Tij -- Ti',•+ze.6ij (3.1)
                            Tij=T,',•+a.6ij , (3.2)
where Tij• js the total Cauchy stress tensor, Ti' j is the effective Cauchy stress tensor, zL. is
the pore water pressure, and 6ii• i's Kronecker's delta. The superimposed dot denotes the
time differentiation.
   Nominal stress rate tensor Sio•, and the effective nominal stress tensor are given by
                        S,j=T,j+L,,T,j-T,kLjk (3.3)
                        SI•j -- T,',•+L,,T,S-T,',L,, (3.4)
in which Li,• denotes velocity gradient tensor. Substituting Eqs,(3.1) and (3.2) into
Eq.(3.3) gives the relation between Sio• and S4•)• as
                           sij=stij+a.6,j+Bij (3,s)
                         Bij=LkicUwajij-ILw6ikLjk (3•6)
   The weak form of the equilibrium for the whole fluid-solid mixture is
                             f. S,j,j6v,dV ==O (3.7)
where 6vi is the component of the virtual velocity vector. Considering the relation,
                         (Sl,,6v,),,,=Sfij,,6vi+SI,,6vi,, (3.8)
Eq.(3.7) yields
                      f. (S,j6v,) ,j dV - f. S,j6v,,, dV = O (3.g)
From the Gauss principle, the first term on the left-hand side of Eq.(3.9) can be written
as
                      f. (Szo6Vz),, dV= f, (Sio6vz) njdr (3.10)
The second term on the !eft-hand side of Eq.(3.9) yields
                        f. S,,6v,,jdV= f. S,j6L,jdV (3.11)
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Substituting Eqs.(3.10) and (3.11) into Eq.(3.9) yields
                      f. (Si)6vz) nj dr - f. Sij 6L,, dV =O (3.12)
Cauchy's stress principle gives
                                s,i=sijn,• (3.13)
Replacing Eq.(3.12) with Eqs.(3.5) and (3.13) yields
            f. S;,6LiidV + f. rkw6ij6LijdV + f.'Bi26L,sdV = f, Sti6vidr (3.14)
In Eq.(3.14), the following relation is approved:
                            6i,•6Lij=6Lick == 6Dkfo (3.15)
in which Di,• i's thq.stretching tensor. Substituting Eq.(3.15) into Eq.(3.14) yields
            f. S5J6LzjdV+ f. ckw6DickdV + /. Bzj6LzidV = f, Sti6v,dr (3.16)
From the symmetry of the effective Cauchy stress tensor,
                       T,',•D,j=iT,',•(L,,+L,,) == T,',L,, (3.17)
is obtained.
   Finally, a weak form of the equilibrium equation is given in an incremental form by
substituting Eqs.(3.4) and (3.17) into Eq.(3.16), in other words,
        f. Ttl6DzodV + f. Aio6LiidV + f. LkicTh'6Li)dV + f. rkw6DkkdV
                                      +f. Bzj6L2,dV = f, St,6v,dr (3.18)
where
                              Aij =-Ti'k Ljh (3.19)
   For the discretization of the weak form of the equilibrium equation, the following
relations are defined.
                    {v} == [N] {v"}, {6v}- [N] {6v'} (3.20)
where {v} is the velocity vector in an element, {v*} is the nodal velocity vector, and [N]
is the shape function of the eight-node quadrilateral element.
                     {D} -= [B] {v*}, {6D}- [B] {6v'} (3.21)
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where {D} is the vector form of the stretching tensor and IB] is the matrix which trans-
forms the nodal velocity vector into the stretching vector.
                 trD == Dzz = {Bv}T {v*}, 6Dzi =: {Bv}T {6v"} (3.22)
where {B.} is the vector which transforms the nodal velocity into the trace of D.
                    {L} - [B M] {v'}, {6L} - [BM] {6v"} (3.23)
where {L} is the velocity gradient vector and [BM] is the matrix which transforms the
nodal velocity vector into the velocity gradient vector.
                             a. == {Nh}T{rkit} (3.24)
where dr. is the pore pressure rate, {rkas} is the nodal pore pressure rate vector, and {Nh}
is the shape function of the four-node quadrilateral element.
   For the finite deformation theory, the Jaumann rate of Cauchy stress tensor C2Ij is used
in the formulation. The Jaumann rate of Cauchy stress tensor [iÅri'j• is the objective tensor
defined as
                                                  ,
                         [2,', =T,','-VVzhTA, +T,'k VVkj (3•25)
where Wio• js the spin tensor.
   The relation between the Jaumann rate of Cauchy stress Ti'o• and the stretching tensor
Dij is obtained as
                       T;, =C,e•,•kiDÅíi == C,e,lei(Dki-D,"P,) (3.26)
in which C,e Jki is the elastic tangential stiffness matrix, D,e j is the elastic stretching tensor,
and D,ViP is the viscoplastic stretching tensor. The viscoplastic stretching tensor D,"•oP i's
glven as
                           Dz"jP = or ÅqÅëi (fy)År oOTf,Pt, (3•27)
To evaluate the viscoplastic stretching tensor D,"•j , the tangent modulus method (Pierce
et al. 1984) is adopted to obtain stable solutions.
   Based on Eq.(3.26), the relation between the Jaumann rate vector of Cauchy stress
{T'} and stretching vector {D} are obtained in the matrix form as
                           {Tt}=[C] {D}-{Q} (3.28)
where [C] is the tangential stiffness matrix and {Q} is the relaxation stress vector. Using
the definition for {[t'} (Eq.(3.25)), Eq.(3.28) can be written as
                        {T'} == [C]{D}-{e}+{W*} , (3.29)
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                                                 g by {6v*}T produce
   [K] {v*} - f. [B]T {(?} dV + f. [B]T {W'} dV + [KL] {V'} + [Kv] {ckh} = {I)}
in which
                          [K] - f.[B]T[C][B]dv
  [K,] = f. [B.]T[Dg][B.]dV + /. [B.]T[U] [B.]dV + f. [B.]T {Ti} {B.}T dv
                         [Kv] == f. {Bv} {Nh}T dV
              ' {i,}=L[N]T{9,}dr
in the above equations, the matrix form of Aij• js defined as
                           [A] - [Dg][BM] {v'}
and the matrix form of Bij• i's defined as
                           [B] - [U][BM] {v*}
   The relation between nodal velocity vector {v'
of nede {A2L'} is given by Euler's approximation as
                                   {Aze'}
                             {v*} ==
                                     At
For the water pressure, the following equation is obtained
method:
                         {,leh} ., {Z` IJ}t+A., ,- {iLh},
  Substituting Eqs.(3.37) and (3.38) into Eg.(3.30)
librium equation as
   [[K] + [KL]] {Au'} + [K.] {zLas },.A, = At {F} + [Kv] {7L
                                +
where
  Su
{W*} is the vector defined as {W*} = {WT - TW}.








   } and the displacement increment vector
                              (3.37)
             with the finite difference
                              (3.38)
      yields the discretization of the equi-
             ll,}t
Atf. [B]T {(?} dV - Atf. [B]T {w*} dv
                              (3.39)
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3.2.2 ContinuityEquation
Boundary surface r of closed domain V can be broken down into two parts, namely,
                               r= T,+F. (3.4o)
                           '
in which rp is the boundary where the pore water increment is predicted and r. is the
boundary where the velocity is predicted.
On boundary rp,
                                 zL.=iZ. (3.41)
On boundary rv,
                                 vi == Vi (3.42)
   The equilibrium equation of the fiuid phase gives
                             -6i- zL. ,,+D,, =O (3.43)
                             nYw 7
where k is the coefficient of permeability and or. is the density of the pore water.
   Considering the test function of a., we obtain the weak form of the continuity equation
as
          f. (e. u.,,, + D,,) a.dv = 3. f. zL.,iia.dv + f. D,,a.dv =: o (3.44)
Using the relation,
                        ze.,iia. =(zL.,,a.),i-IL.,ia.,,i (3.4s)
Eq.(3.44) can be rewritten as
              kk
                                                         (3.46)             T. f. (awiLw,z),, dv - T. f. a.,,zL.,idv + f. a.D,,dv = o
Using the Gauss principle, Eq.(3.46) yields
              l. /p a.u.,,n,dr - ". fv a.,iu.,idv + fv a.D,,dv == o
   Next, the following vectors and matrixes are defined for the discretization:
                     zL. = {Nh }T {ztb} , a. == {Nh }T {aas }
              {zL.,,} = [N,,,]T{uas} == [B,1{iLh}, {a.,,} == [B,]{a8}
                              [N,,,] = V{N,}
                          Diz == trD = {B.}T {v'}






                                       ]( l
     = ( At {Pi} + [K.] {,,as }, + At/. [BST {C2} dV - Atf. [B]T {W*} dV ) (3.ss)
3.3 NumericalSimulationofUndrainedCompression
      Tests
The shearing of a clay specimen is simulated under globally undrained plane strain con-
ditions with displacement control. The finite element mesh and the boundary conditions
for the simulations are shown in Fig.3.2.
   Substituting Eqs.(3.48)'v(3.51) into Eq.(3.47) yields
       l.; /, {ab}T {Nh} {n}T [Bh] {zeb} dr - 3. f. {ah}T [Bh]T[Bh] {?L8} dv
                               +f. {aas }T {Nh}{B.}T {•u"} dv - o (3.s2)
where {n} is the unit vector normal to the boundary surface r.
   Considering arbitration of the test function, we get the following equation by dividing
Eq.(3.52) by {ah}T, namely, '
 Jl.:T f, {Nh} {n}T [Bh]dF {Ub} - Jl.i7 f. [Bh]T[Bh]dV {2Lit} + f. {Nh} {Bv}T dV {v*} == O
                                                               (3.53)
   Substituting Eq.(3.37) into Eq.(3.53) yields the discretization of the continuity equa-
tlon as
              pt
                 [K.iT {Aze'} - At ([Kh] + [V]) {zLas},.., = O (3 ny 54)
where
                        [K,]- 3. f. [B,]T[B,]dv (3.ss)
                       [Kv ]T= f. {A"h} {Bv }T dV (3-56)
                      [V] =-". /, {Aih} {n}T [Bh]dr (3.s7)
  Combining Eqs.(3.39) and (3.54) gives the governing equation for the finite element
formulation as
               [[KiK+.][.KL] -At([!il(lv]]+[v]) ,,iii,1,Z.L*.,
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    Displacement control with
O.O05 O/olmin. (U), O.OO15 O/olmin. (D)
1Ocm
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       x
Figure 3.2
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: Finite element meshes and boundary conditions
   The specimen is 5 cm in width by 10 cm in height, and consists of two hundred square
elements deforming in plane strain. All the boundaries of the specimen are set to be
impermeable in this problem. A constant axial (y-direction) displacement of O.O05oro/min
is applied to the nodes of the top surface, and a horizontal (x-direction) displacement of
nodes on both top and bottom surfaces is constrained as a trigger for strain localization.





   Simulations are performed with both I C and OC clays, which are compared among the
models with and without consideration given to structural changes, and with a material
function of Åë2; the patterns of the analyses are listed in Table 3.1.
   The initial conditions and the material parameters used in the analysis are listed in
Tables 3.2 and 3.3. The material parameters are the same as those used for the simulations
                                     39
for Tsurumi clay in Chapter 2. In all the computations, the time increment for each step
is 6 s, and the increment of the average strain for a step is determined as AEn = O.OO05%.



















   Simulations of the undrained triaxial compression tests with an axial strain rate of
O.O05%/min are shown in Figs.3.3 and 3.4 for NC and OC clays, and for the model with
Åë2 in Fig.3.5, respectively, to confirm the properties of the material parameters.
3.3.1 Analysis ofNormally Consolidated Clay
3.3.1.1 Structural Parameter (5==O and 20)
Starting from NC clay, we now compare the results of 6=O, that is, the original model,
with 6=:20, namely, the model which considers structural changes. The results for 5 = O
40
are shown in Figs.3.6A-3.12, and the results for 5=20 are shown in Figs.3.13"v3.19. Fig.3.6
shows the relation between the average vertical stress on the top surface and the average
axial strain (Fig.3.6(a)), and the average stress paths (Fig.3.6(b)) for 5=O. The average
vertical stress was calculated as the mean value of the nodal force in the y-direction along
the top surface, and the average mean effective stress was calculated as the mean value of
all the elements. In the same way, the average stress-strain relation and the average stress
path for 5==20 are shown in Figs.3.13(a) and (b). The calculation diverged at an axial
strain of around 13% for 5= 20. Simulations show that the model considering structural
changes can describe the degradation of shear strength, while the stress remains nearly
constant in the original model of 5==O. The average vertical stress attains its peak value
at an average axial strain of around O.5791o as seen in Fig.3.13(a).
   The stress paths for element 1"v5 (at the bottom of the specimen, see Fig.3.2), element
41'v45 and element 91"v95 (at the center of the specimen) are shown in Fig.3.7 for 6= O,
and in Fig.3.14 for 6==20, respectively. These figures confirm that the stress paths reach
the failure line more slowly for the top and bottom elements (element 1-5) than for the
center of the specimen because of a lower generation of pore pressure. At the same depth,
the stress path reaches the failure line of Mh the fastest along the side of the element in
both cases.
   The deformed meshes at axial strains of O.6%, 1.0%, 2.0%, 5.0%, 10.0oro, and 15.0%
for 5 =O and 5==20 are shown in Figs.3.8 and 3.15. These figures demonstrate that when
5=20, a more apparent localization is provided than when 5=O. In particular, it is obvious
that the horizontal displacement is apparent at the center of the specimen in Fig.3.15.
   Figs.3.9 and 3.16 show the distribution of accumulated viscoplastic shear strain orP iii
f degiP• deY,". The lighter region indicates the larger deformation. These figures confirm
that shear localization is apparent in the case of 5= 20, in which the localization starts
near the edges of the specimen. Then, four bands proceed from the four edges. In the
case of 5=20, a small deformation remains at the center, The angle of shear bands will
be discussed later.
   Figs.3.10 and 3.17 show the distribution of accumulated viscoplastic volumetric strain.
The volumetric strain localization is also distributed more apparently iR the case of con-
sidering structural changes. Viscoplastic volumetric compression develops along the shear
41
bands.in both cases, and a viscoplastic expansion occurs at the center of the specimen.
   Figs.3.11 and 3.18 show the distribution of mean effective stress for 5=O and 5==20.
Fig.3.18 shows a more inhomogeneous distribution than Fig.3.11. The distribution of
mean effective stress relates to that of the viscoplastic volumetric strain since calculations
are performed under globally undrained conditions. Along shear band where viscoplastic
compression occurs, the mean effective stress takeF the small value as shown in Fig,3.18.
   Figs.3.12 and 3.19 show the distribution of excess pore water pressure for 6==O and
5=20. A higher pore water pressure is generated at the top and the bottom of the
specimen in the case of 5 =O, whereas pore water pressure is highly generated in the center
in the case of 6=20. The distribution of pore water pressure is relatively homogeneous,
however, comparedi to the viscoplastic strain and the mean effective stress. This may be
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  Figure 3.3: Simulations of undrained triaxial tests for NC clay
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3.3.1.2 Structural Parameter (6=5, 20, and 40)
Let us compare the calculations of different values for structural parameter 5, namely,
6=5, 20, and 40. As mentioned in the previous chapter, parameter 5 controls the rate of
collapse for the structure; a larger value for 5 leads to a rapid decrease in the shear stress.
   The calculation results for 5=5 are shown in Figs.3.20""-3.26: Fig.3.20 shows the av-
erage stress-strain relation and the average stress path, Fig.3.21 shows the stress paths
of the elements, Fig.3.22 presents the deformed mesh, Fig.3.23 shows the distribution of
viscoplastic deviatoric strain orP, Fig.3.24 for the distribution of viscoplastic volumetric
strain, Fig.3.25 presents the distribution of mean effective stress, Fig.3.26 for the distri-
bution of pore water pressure. The calculation results for 5= 40 are shown in Figs.3.27
'N" 3.33 in the sanie way. The calculation for 6=40 diverged at an axial strain of 9.0%.
Calculations for 5=20 have been already presented in Figs.3.13"-3.19.
   Comparisons of the average stress-strain relations in Figs.3.13(a), 3.20(a), and 3.27(a)
confirm that a larger value for 5 promotes the rapid degradation of the shear strength.
The peak strength is obtained at an axial strain of O.57% for 6= 20 and O.53% for 5=40,
while the apparent peak is not obtained for 6= 5. From the comparisons among the stress
paths in Figs.3.13(b), 3.20(b), and 3.27(b), the average vertical stress declines at the small
value for the stress ratio when 5=20 and 40, since the vertical stress decreases at the early
stage where the Ievel of pore water pressure is small. Comparisons of the deformed mesh
in Figs.3.15, 3.22, and 3.29 demonstrate that the specimen is horizontally compressed at
the center of the depth for 6= 40.
   Let us compare the distribution of accumulated viscoplastic deviatoric strain in Figs.3.16,
3.23, and 3.30. The pronounced shear bands are observed at an axial strain of 1.0% for
6==40 (see Fig.3.30), at an axial strain of 2.091o for 5= 20 (see Fig.3.16), and at an axial
strain of 5"vl091o for 6=5 (see Fig.3,23). Hence, with the larger value for 6, shear lo-
calization appears at a smaller average axial strain. The angles of shear bands will be
discussed in a later section.
   Figs.3.17, 3.24, and 3.31 show the distribution of the viscoplastic volumetric strain.
We confirm that the difference between the maximum and minimum value is the largest
for 5=40.
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   Figs.3.18, 3.25, and 3.32 show the distribution of mean effective stress for 6 = 20,5,
and 40, respectively. The localization of the mean effective stress becomes apparent at a
small axial strain in the case of 5= 40. Fig.3.19, 3.26, and 3.33 show the distribution of
the excess pore water pressure for 5=20, 5, and 40, respectively.
3.3.1.3 Analysis with Material Function Åë2
                                                                        'For comparison, we conducted calculations using the model with material function Åë2 pro-
posed by Adachi, Oka, and Mimura (1987a) . Material function Åë2 is a strain-softening
term which describes softening when the stress approaches the failure Iine. The viscoplas-
tic strain rate is given as
                                            0fp
                         S7j"=or ÅqÅëi (fy)År Åë2(6) o.e (3'59)
in which
                               Åë,(6)-1+C (3.60)
                       C== Gs {Mf -"iOr'n)nM/n'i,n.,i,nin.(o))} (3 61)
where ij('o) is the relative stress ratio defined by
                     rto) == {(nlj• -nli(o)) (n;,• -n;j(o))}i/2 (3.62)
Mf* is the failure stress rate, set to be 1.09, and GS is a viscoplastic parameter, set to
be 10 in the calculation. The other material parameters are set to be the same as those
listed in Table 3.3 for NC clay. The increment of time and the axial strain for each step
are also set to be the same.
   The computed results are shown in Figs.3.34tv3.40. As shown in Fig.3.34, the calcula-
tion diverged before the axial strain reached 7%, since the model rapidly became unstable
around the failure line. The geometry of the shear bands is different from that obtained
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Figure 3.20: Undrained compression test for NC clay (6=5)
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3.3.2 Analysis ofOverconsolidated Clay
Herein, we will discuss the calculated results for the overconsolidated clay of OCR=5.9,
and then compare the'results for 5 = O and 6=40. Results are shown in Figs.3.41"v3.48
for 5 = O, Figs.3.49n-3.56 for 5 = 40. Figs.3.41(a) and (b) show the average stress-strain
relation and the average stress path for 5 = O, while Fig.3.42 shows the stress paths for
each element. Figs.3.49(a) and (b) show the average stress-strain relation and the average
stress path for 5 = 40, while Fig.3.50 shows the stress paths for each element. Note that
the calculation diverged at an axial strain of around 10% in some elements, that is, along
the edge and the center of the specimen, specifically, elements 1 and 91"v95 for 5 = O,
where the viscoplastic strain is concentrated, which is confirmed in the deviatoric stress-
average strain relatiQns for the elements in Fig.3.43. When 6 = 40, the calculation firstly
diverged around the average axial strain of 4oro at the center of the specimen, namely, at
               ptelement 94 and 95 as confirmed in Fig.3.51(c).
   Let us compare the average vertical stress-average axial strain relations in Fig.3.41(a)
and Fig.3.49(a). In the case of 5 = 40, the degradation of the shear strength can be
described, while the average vertical stress continues to increase when 5 == O. The de-
formed meshes at axial strains of O.6oro, 1.0%, 2.0%, 5.0%, 10.0%, and 15.0% are shown
in Figs.3.44 and 3.52 for 5=O and 5= 40, respectively. The figures confirm that the
model considering structural changes demonstrates a more apparent localization zone in
a similar way to the NC,clay. Figs.3.45 and 3.53 corl,ipare the distribution of the accu-
mulated viscoplastic deviatoric straln,orP of 6 = O and 5 : 40. The shear bands show
different geometries. In the case of 5 == O, shear bands developed from the four edges of
the specimen, while in the case of 5 = 40, they developed similarly from the four edges,
and appeared to double at an axial strain of 5%.
   Figs.3.46 and 3.54 compare the distribution of accumulated viscoplastic volumetric
strain for 5 == O and 6 = 40. Note that viscoplastic volumetric expansion occurs in the
shear zone, while viscoplastic volumetric compression occurs in the shear bands in the
NC region as shown before. The localization is more apparent when 5==40.
   Figs.3.47 and 3.55 provide the distribution of mean effective stress for 5 =:O and 5 ==40.
Figs.3.48 and 3.56 show the distribution of excess pore water pressure for 5 =O and 6 =:40.




















    5 10 15

















             .compresslon test
o
oc, p=o
o 2oo 4oo 6oo seo
    Average mean effective stress (kPa)
       (b) Stress paths




















     Elementl
- " - - Element2
     Element3
-•-•-•  Etement4





















1oo 200 300 400 500 600 700 80C
  Mean effective stress (kPa)
(a) EIement 1-5
  Figure 3.42: Stress paths
     Element41
----
Element42




o loo 2oo 3oo 4oo soo 6co 7eo so{
       Mean effective stress (kPa)
 (b) Element 41-45






















     K's:"
      L-..
       !;
                   Element91
              - -• - -• Element92
              ' EIement93
              -'-'-' Element94
              -••-•'-Element95
loo 2oo 3oo 4oo soo 6oe 7oo
  Mean effective stress (kPa)


















     Elementl
  ---Eleme"t2
  ''''' Etement3
  • •Element4




         5le
     Average axlaj strain {S)
   (a) Element 1-5
    3.'43: DeviatoricFigure
          am
                  Element41
                  rEletrvent42
          fioo 'Element43
        X -Element44
        l EIement4s
        \
        g 4oo
        •r,
        h9 2.
           o15 e
               (b)
stress-average

























O 5 10 15         Averege sxist strain (N)
   (c) Element 91-95











      1.0% 2.0 or, 5.0% 10.0%
Figure 3.44: Deformed meshes for OC clay (6=O, Undrained))



































































      O.60/o 1.00/o 2.oo/e 5.00/o 15.00/o
Figure 3.45: Distribution of viscoplastic deviatoric strain for OC clay (6=O, Undrained)
     me "l"
     ts ut








      1.00/o 2,oo/o 5.00/o 15.00/o
Distribution of viscoplastic volumetric strain for OC clay (6=O, Undrained)
     o.6o/,
Fi g.u.re 3 47
a2g2,
     o.6o/,
Figure 3.48:
     1.0e/o 2.oo/o 5.00/o lo.oO/o 15.00/e
Distribution of mean effective stress (kPa) for OC clay (6=O, Undramed)
        .i :si..".t: tt,,.littt ... ,t:t.:/..tt t. tt,t
    ':.6sJ,Vb "I.8,:g {'],,ll lii"!1,pallP.,,,, i'",','lo;,


















     5 10 15   Average axial strain (%)
 (a) Stress-strain relations













    o
test
OC, P=40
 O 200 400 600 800
   Average rnean effective stress (kPa)
        (b) Stress paths
for OC clay (6=40)
  seo










     Etementl
    'Etement2
-J-- Element3























     Etement41
    'Element42
- ' - ' Elerr;ent43
''''''  Element44

























































O 100 200 300 400 500 600 700 BO(
     Mean effective stress (kPa)
   (a) Element 1-5
    Figure 3.50: Stress paths
o loo 2oe 3oo 4oo soo 6oo 7oo so(
       Mean effective stress (kPa)
 (b) Element 41-45
of each element for OC clay
 o loo 2oo 3oo 4eo soo 6oo 7oo soc
       Mean effective stress (kPa)
  (c) Element 91-95
(6==40, Undrained)
      li-IiLe:::tl rl-i.`-E,he:Iti"1
i, 600 l:-- EilmiEY/ l, 6oo Lil--:Il:ek9iiÅÄL ll
   coo " e4ooe                                          ti /it 2oo z,,t{'".:`--•'iaa;,J..-,,r.T.x,-L;"-t'-p:,x;--. .. il, 2oo -'•',-v-r,-"i -,-- - t.`. M. "tLI:...+,l:..
     O 5 10 15 O 5 10 15              Average axietstrein (N} Average exial strain ÅqtsÅr
         (a) Element l-5 (b) Element 41-45
Figure 3.51: Deviatoric stress-average strain relations

















       Elemefit91
       Element92
       EIement93
      -Etementg4
      •EFement95
  tvt t. ...
    ' x.,
 O 5 10          Average axiaL strain (V
   (c) Element 91-95








O.6% LO or, 2.0% 5.0% 10.0%
    Figure 3.52: Deformed meshes for OC clay (5=40, Undrained))
      aD22 g.aeg fi,2S3 e.seg O,5el
  eoo
      o.6o/,
Figure 3.53:
  -O•am
     pa/n. ."mp
  .g,Do"i
  -e.ee
     iim di
  •e ee

















          D











    ls.oe/,
15.0 %
Distribution of viscoplastic deviatoric strain for OC clay (6=40, Undrained)
  -e,gee Ao.eee g.oli fi.o23 e.tR!













ee/i,' .e. 'M •a.o6
               -e.lt  .e.u5.oo/,
         1o.oo/,
Distribution of viscoplastic volumetric strain for OC clay (fi=40
















 xt"' ' 'f ;:
 15.00/e
   Und
  '
ramed)
               iS"' '..El.
      1.00/o 2.oo/, 5.00/o lo.oo/o 15.00/o
Distribution of mean effective stress (kPa) for OC clay (fi=40, Undrained)
 139,35 2t 3s 26,a4 ll Qa Se,a3:ie;al liil ll) •liiiNiilj
                                    lo.oo/, ls.oo/,
 1.00/o 2.oo/o 5.00/
Distribution of pore water pressure (kPa) for OC clay (6=40, Undrained)
                      60
3.4 NumericalSimulationofPartiallyDrainedCom-
       pression Tests
In this section, we show the simulation of partially drained compression tests. The finite
element mesh is the same as that used in the previoius section, as shown in Fig.3.2. The
boundary surface is also the same except that the top surface of the specimen is set to be
permeable in order to permit pore water to go out of the specimen. A constant axial strain
rate of O.OO159o/min is given, the time increment for each step is 10 s, and the increment
of the average strain is determined as AEii = O.OO025%. Note that a small value of excess
pore water pressure, at the most 15 kPa, is generated in all the simulations. This implies
that the specimen is compressed in partially drained conditions.
   The initial conditions and the material parameters for NC and OC clays are the same
as those used in the previous section listed in Tables 3.2 and 3.3. Numerical analyses are
conducted with and without structural changes as shown in Table 3.4.




3.4.1 Analysis ofNormally Consolidated Clay
Let us see the calculations for NC clay. Simulation results are shown in Figs.3.57"v3.63
for 5 =O, namely, the original model and Figs.3.64'Nv3.70 foT 6 =20, namely, the model
considering structural changes. Fig.3.57 shows the average vertical stress-average axial
strain and average stress path for 5 =O, and Fig.3.58 shows the stress paths of the top,
the center, and the bottom elements of the specimen for 5 ==O. Similarly, Figs.3.64 and
3.65 show the results for 6 ==20. Average vertical stress increases continuously in the case
of 5 =O, while it temporarily decreases and begins to increase again in the case of 5 =:20.
   Figs.3.59 and 3.66 compare the deformed meshes for 6 =O and 5 ==20. Figs.3.60 and
3.67 compare the distribution of accumulated viscoplastic deviatoric strain 7P. In the
case of 5 =O, the distributions almost show symmetry for upper and lower parts at every
61
stage. In the case of 5 =20, viscoplastic strain develops in the upper part, and shear bands
are more apparent in the upper part, namely, near the permeable boundary, than in the
lower part, in particular, at axial strains of 2.0%, 5.0%, and 10.0%. A similar tendency
is observed for the distribution of viscoplastic volumetric strain, as shown in Figs.3.61
and 3.68. Hence, the concentration of viscoplastic strain at the permeable surface is more
apparent in the model considering structural changes. The angles of the shear bands are
evaluated later.
   Figs.3.62 and 3.69 show the distribution of mean effective stress for 6==O and 5= 20;
they confirm that the localized zone is more apparent in the case of5 =20. Figs.3.63 and
3.70 show the distribution of pore water pressure for 5=O and 6=20. We confirm that
the difference of pore water pressure between the top and the bottom of the specimen is
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3.4.2 Analysis ofOverconsolidated Clay
Let us look at the calculations for the OC clay. Figs.3.71"'v3.77 provide the results for
5=O and Figs.3.78ry'3.84 for 5=40. The average stress-strain relation, the average stress
path, and stress paths of the elements for 5=O are shown in Figs.3.71(a), (b), and 3.72.
Figs.3.78(a), (b), and 3.79 show the results of 5=40 in the same way. The model which
considers structural changes describes the degradation of shear strength.
   The deformed meshes are shown in Figs.3.73 and 3.80 for 5=O and 5=40, respectively.
It appears that the specimen exhibits asymmetric deformation at the upper and the Iower
parts in the case of 5=40. For the lower parts, the horizontal (x-direction) displacement
on the side of the lateral specimen is larger than the upper parts at axial strains of 5.0%,
10.091o and 15.091o shown in Fig.3.80,
   Distribution of accumulated viscoplastic shear strain for 5 =O and5=40 is shown in
Figs.3.74, and 3.81. It should be noticed that viscoplastic shear strain is larger, and shear
localization is more apparent in lower parts than upper parts of the specimen especially
after axial strain of 5.09Årfo in the case of 5 ==40 as shown in Fig.3.81, while, in the case of
5 =O, the distribution appears to be almost symmetric for the upper and lower part of
the specimen. It seems that the expansion due to positive dilatancy can be diminished
by compression due to drainage near the permeable surface. As a result, the deformation
is concentrated in the lower part of the specimen.
   Figs.3.75 and 3.82 show the distribution of viscoplastic volumetric strain for 5 =O
and 5=40, respectively. Viscoplastic compression occurs in the shear zone for both cases.
Figs.3.76 and 3.83 compare the distribution of the mean effective stress for 5 =O and
5=40. Figs.3.77 and 3.84 show the distribution of pore water pressure for 5 ==O and
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  Figure 3.71: Partially drained compression test for OC clay (6 :O)
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3.4.3 Angles ofShear Bands
Fig.3.85 compares the directions of the shear bands for the NC clay during undrained
compression. The angles are obtained from the distribution of viscoplastic deviatoric
strain 7P at an axial strain of5%. The angles are estimated as 44.1O for 5=:O,44.4"
for 5=5, 42.3O for 5=20, 41.70 for5==40, and 44.70 for the model with Åë2. It appears
that a larger value for 6 gives a smaller value for the angle of the shear band. The angles
are smaller for the proposed model than for that obtained from the model with material
function 02 by 3'v4 degrees.
   Fig.3.86 demonstrates the angles of shear bands for the OC clay during undrained
compression. The angies are calculated from the distribution of orP in the same way. The
angles are estimated at 52.7O for 5=O and at 55.4O for 5==40. The values of angles for
               ptOC clays are larger than those for the NC clay. A larger value for 6 results in a Iarger
value for the angle, This is the opposit,e tendency to that of the NC clay.
   Figs.3.87 and 3.88 show the estimated angles of the shear bands for NC and OC clays
in drained compression, namely, 42O for 5=O and 40O for 6=O for the NC clay (see
Fig.3.87), and 44O for 6=O and 42O for 5=42 for the OC clay (see Fig.3.88). In the case
of 5==20 for the NC clay, and 5=40 for OC clay, the most pronounced shear bands are
considered. The angles are relatively small compared to those obtained during undrained
compression for both NC and OC clays. Angles for the OC clays are larger than those
for the NC clay in the same way as that under undrained conditions. A larger value for 5
leads to a smaller value for the angle for both NC and OC clays. It seems that localization
of viscoplastic compressive strain results in small angle of shear bands.
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The effect of structural changes on strain Iocalization was studied in this chapter. Nu-
merical simulations of behavior under undrained and drained compression conditions were
conducted under plane strain conditions with displacement control. The obtained conclu-
sions are summarized as follows:
1. In every case of the analysis, specifically for NC and OC clays in both undrained
  and partially drained conditions, the numerical results using the constitutive model
  which considers structural changes provide more apparent strain localization than
  those obtained from the original model.
2. During undrained compression for the NC clay, the angles of the shear bands depend
  on the value of structural parameter 5; a larger 6 value provides a smaller value for
  the angle of the shear band.
3. During undrained compression for the OC clay, viscoplastic expansion occurs in the
  shear bands, while viscoplastic compression occurs in the NC clay. The angles of
  the shear bands are larger than those of the NC clay.
4. During drained compression, the deformation is concentrated on the upper parts of
  the specimen for the NC clay and on the lower parts for the OC clay apparently
  when structural changes are considered. This is one phenomenon of the localization
  of compressive strain.
5. During drained compression, the angles of the shear bands are smaller, namely, the
  shear bands are inclined, than those of the undrained compression. We believe that




Many researchers have reported that the behavior which appears to be associated with the
collapse of the soil structure can be recognized during the consolidation process. Bishop
and Lovenbury (1969) conducted constant stress creep tests under drained conditions on
undisturbed clay, and observed a sudden increase in the strain rate (see Fig.4.1). They
concluded that the phenomenon was a form of instability which appears to be associated
with a modification of the soil structure. Leroueil, Kabbaj, "]]avenas, and Bouchard (1985)
and Kabbaj et al. (1985) carried out oedometer creep tests on Champlain sea clays, and
reported similar behavior, that is, a temporary increase in the settlement rate under a
constant load (see Fig.4.2). Concerning field cases, anomalous pore pressure behavior
during the consolidation of soft clay has been reported by many researchers. Mitchell
(1986) related that pore pressure stagnation or a continuous increase after all fill placement
occurred because of a structural breakdown during compression. Furthermore, Leroueil
(1988) and Kabbaj, Tavenas, and Leroueil (1988) observed pore water increases after the
completion of the construction of test embankments, reflecting the fact that the effective
stress temporarily diminished in the stress-strain curve (see Fig.4.3).
  The prediction of these phenomena by numerical methods has been studied since the
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Sudden increase in strain rate during oedometer tests on Batiscan clay (Kabbaj et al. 1985)
by the finite-difference method using an elasto-viscoplastic constitutive model (Oka 1981),
in which different values for the viscoplastic parameters were chosen with the strain rate.
They showed that. the strain rate remained momentarily constant during creep simula-
tions around the preconsolidation pressure, whereas the experimental results showed a
temporary increase in the strain rate. Asaoka, Nakano, Noda, and Kaneda (2000) also
conducted analyses of one-dimensional consolidation using an elasto-plastic model with
a super-subloading surface concgpt for the structured soil. They proved that the inho-
mogeneity of pore water pressure, stress, and void ratio distributions caused by softening
could be reproduced. Oka, Tavenas, and Leroueil (1991) conducted a finite element anal-
ysis on a sensitive clay foundation beneath an embankment using an elasto-viscoplastic
constitutive model, in which volumetric strain--softening terms were introduced. The an-
alytical results were in better agreement with the observations than the model without
softening terms, while the actual increase in pore water in the test embankment could not
be reproduced.
   In this chapter, the finite element analysis of oRe-dimension consolidation is conducted
using the elasto-viscoplastic constitutive model proposed in the previous chapter, which
takes into account the effect of structural changes, in order to study the performance
of the model with respect to unstable behavior during consolidation. The ability to
predict unstable behavior during consolidation is evaluated with reference to pore water
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4.2 FiniteElement Formulation
For a boundary value problem related to the soil-water coupled consolidation problem, the
finite element method based on Biot's two-phase mixture theory (Biot 1962) is adopted.
Both the grain particles and the fluid are assumed to be incompressive for simple formu-
lations. The infinitesimal strain is valid in this problem since large deformations are not
expected. A four-node quadrilateral element with a reduced Gaussian two-point integra-
tion is used for the displacement, and the pore water pressure is defined at the center of
each element based on Akai and Tamura (1978).
   The effective stress tensor aSo• and its rate form OS•j• are defined as
                             aij=al•j+u.6ij (4.1)
                             (iri,• -- b:•,+2;t.6i,• (4.2)
where aio• is the stress tensor and iL. is the pore water pressure.
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   For the discretization of the equilibrium equation of the solid--fiuid mixture, the bound-
ary r of closed domain V can be separated into two parts, namely,
                               r== I"T+r. (4.3)
in which rT and r. are the boundaries where the stress rate component and the defor-
mation rate are predicted. .
   On boundary I"T,
                                6ij nj =Ti (4.4)
where ni is the ith component of the unit vector normal n to the surface.
   Applying the principle of virtual work to the equilibrium equation in the incremental
form gives the following:
            f. b:•j6gijdV = f. b:•j6g,,dV + f. 2z.6,,6s,,dv == f, ch,6ile,dr (4.s)
in which bij• js the stress rate tensor, d:•p• js the effective stress rate tensor, ic. is the rate
of the pore water pressure, 6gij• is the virtual strain rate tensor, and 6ai is the virtual
displacement rate vector. The body force is disregarded here.
   Next, the equations in matrix form are used in the finite element formulation; the
following vectors and matrixes are defined. Total stress rate vector {0}, effective stress
rate vector {0'}, and strain rate vector {S} are














                    { and n dal displacement rate{ }
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Pore water pressure rate vector {alew} is
                              {11ew} =
Eq.(4.5) can be written in matrix form as
   f. {6s}T {b} dv == f. {66}T {o- t} dv + f. {6e}T











Displacement rate vector {rk} in the element is defined with the shape function [N] as
                      {ck}-[N]{ck*}, {6rk}-[N]{on"} (4.10)
Strain rate vector {S} and volumetric strain rate {s'.} in the element are given as
                      {e}-[B]{ck'}, {6S}-[B]{on'} (4.1i)
                     S.= {B.}T{rk*}, 6S. ={B.}T{6a*} (4.12)
where [B] is the matrix which transforms the nodal displacement into strain, and {B.} is
the vector which transforms the nodal displacement into the volumetric strain.
   In Eq.(4.9), the following is approved:
      f. {6t}T {altw} dV = f. {66xx, 66yy) 6"5'xy}
elasto-viscoplastic model is given by
                           {0'} =
in which [D] is the matrix of the elastic
glven as
                              {0*} -
Substituting Eqs.(4.10)"v(4.14) into Eq.(4.9)
                  [K] {ck'} + chw {Kv} =
                          [K]-
                            {Kv} ==
                           {F}=
   The pore water pressure is describe
                             . zew,t+At
                            2Lw ==z
                                     At
Finally, the discretization of the weak form
follows:
                 [K] {AzL*} + zLw,t+At {Kv






The relation between effective stress rate vector { } and strain rate vector {S} for an
  [D] {S} -{
 modulus and b
    [D] {evp}
      andd in
    f. [B]T{ *} dv+{
f. [B]T [D] [B] dv
   f.{Bv}dV
 f,[NiT{zb,}dr
d by the following finite difference scheme.
       - ZLw,t
     of the equilib
     } = uw,t {K
dV = ckw f. 6SvdV (4•13)
                     (4.14)
'} is the relaxation stress vector
                     (4.15)
g by {6ck"}T produce
      p}
                     (4.16)
                     (4,17)
                     (4.18)
                     (4.19)
                     (4.20)
       '
  rium equation is obtained as
v}+{AQ} (4•21)
where
                    {A(2}-At f. [B]T {b*} dV+At{P"} (4.22)
in which {Aze*} is the displacement increment vector at nodes ({Au'} = At{ck'}).
   Next, the equation of continuity is derived from the equation of the balance of mass
and the equation of the motion of fluid as
                             Sv == -kiLw;zz (4•23)
                                   tÅrtw
in which k is the coefficient of permeability and or. is the density of the pore water.
The implicit backward finite difference scheme is used in the approximation of Eq.(4.23). -
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Referring to Fig.4.4,
                                          4
                  {Kv }T {AzL'} = -,(3uw,t+At +Z 5i iLwz,t+At (4•24)
                                          i=1
                         6, ,.-kAtbz, s=]il s, (4.2s)
                               ny. si i=1
is obtained by the discretization of the continuity equation (4.23).
   Combining Eqs.(4.21) and (4.24) yields the force-stffness formulation for the element
as
            (,k51T`Xv')(i.AY.*k,)-(`".",1--yx',`.I,,ie.9'] (4•26)
4.3 One-DimensionalConsolidationAnalysis
The behavior of sensitive clay during one-dimensional consolidation is numerically exam-
ined by the finite element analysis. As shown in Fig.4.5, the initial thickness of the soil















: Finite element meshes and boundary conditions
sample is 10 cm with twenty five elements, the top of which is set to be permeable while
the bottom is set to be impermeable.
   The coeflicient of permeability is given by
                          k= ko exp {(e-eo)/C,"} (4.27)
   Calculations are performed for normally consolidated (NC) clay and overconsolidated
clay (OCR=2.0). The initial conditions of the calculations are shown in Table 4.1. An
excess pore pressure level of 1160 kPa, which is twice as large as the compression yield
stress, is applied as the initial loading for all the analyses.





   The material parameters for the Tsurumi PIeistocene clay are used in the analyses, as
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drained triaxial tests for OC clay
model without considering structural changes, are conducted for both NC and OC clays.
Simulations of undrained triaxial compression tests for NC clay have been already shown
in Fig.2.7, and simulations of undrained triaxial tests for OC clay are shown in Fig.4.6 to
evaluate the material parameters.
   Let us begin with NC clay. The vertical settlement vs. time and the vertical strain rate
vs. time curves are shown in Figs.4.7 and 4.8. The vertical strain rate exhibits a sudden
increase at around 2000 seconds after Ioading when structural changes are considered,
namely, 5 =: 20, while it exhibits a monotonous decreases when 6 = O (see Fig.4.8).
Consequently, the displacement at the end o.f the calculation, when 6==20, is almost three
times as Iarge as that when 5= O (see Fig.4.7).
   The generation of excess pore water pressure for element 25, namely, the bottom of the
clay layer, is shown in Fig.4.9, which confirms that the pore water pressure temporarily
increases after 2000 seconds with an increasing strain rate in the case of 6 = 20. The
stress path of the elements at the center of the clay layer for 6 = O is shown in Fig.4.10.
The average e-logah relation for all the elements is shown in Fig.4.11(a), and the e-logain
relations for the top, the center, and the bottom of the elements are shown in Fig.4.11(b)
in the case of 5 = O. Similarly, the stress paths, the average e-Iogah relation, and e-logoin
relations for each eiement in the case of 6 = 20, are shown in Figs.4.12 and 4.13(a) and
(b), respectively. When 5 = 20, the mean effective stress decreases once and then increases
again along the Ko line, as shown in Figs.4.12, while it continuously increases when 5 = O,
as shown in Fig.4.10. Figs.4.13(a) and (b) demonstrate a temporary decrease in the mean
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effective stress for the average e-logah curve. Similar tendency is observed for the test
embankment shown in Fig.4.3 (Leroueil 1988)
   The distributions of axial strain, pore water pressure, and mean effective stress during
consolidation are presented in Figs.4.14, 4.15, and 4.16 for 5 = O. In the same way,
distributiops are presented in Figs.4.17, 4.18, and 4.19 for 5 = 20. It is seen from
Fig.4.14 that the axial strain is almost homogeneously distributed at the early stage
of the calculations, while its distribution provide apparent inhomogeneity just after an
increase in strain rate in the case of 6 = 20, as shown in Fig.4.17. The axial strain for
element 1, namely, at the top of the clay layer denotes 1.7% and that for element 13,
namely, at the center of the clay layer denotes 1.2% at 5000 s when 5= O (see Fig.4.14).
On the contrary, the axial strain denotes 12% at the top and 2% at the center of the
clay layer at 5000 s when 5=20 (see Fig.4.17). The localization of axial strain, that is,
compressive deformation in this case, is promoted by the structural changes. The pore
water pressure decreases at the beginning of the consolidation, then temporarily increases,
and finally dissipates at the end of the consolidation (Fig.4.18). •
   Next, Iet us see the results for the OC clay. Similar tendencies are obtained for the
differences between 5 = O and 5 = 20. The vertical settlement-time and the vertical
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strain.rate-time curves and the pore water generation with time are shown in Figs.4.20,
4.21, and 4.22. The vertical strain rate suddenly increases after stagnation at around
20000 seconds; the excess pore pressure also shows a temporary increase when structural
changes are taken into account, in other words, 5 :20, as shown in Figs.4.21 and 4.22.
   The stress path, the average e-logain relation, and e-logah relations for each element
for 5 == O are shown in Figs.4.23 and 4.24(a) and (b). Similarly, they are shown for 5 == 45
in Figs.4.25 and 4.26. For the stress path in Fig.4.25, the point marked by * denotes the
point at which the stress path goes out of the overconsolidation boundary surface. The
mean effective stress decreases once along the Ko line, takes the value at around 900 kPa,
and then returns to the maximum value of 1100 kPa, as shown in Figs.4.25. Figs.4.26 (a)
and (b) show a temporary decrease in the mean effective stress for the e-logain relation.
This is the similafr tendency obtained for the NC clay. The distributions of axial strain,
pore water pressure, and mean effective stress are shown in Figs.4.27, 4.28, and 4.29 for
5 == O, and in Figs.4.30, 4.31, and 4.32 for 6 == 45, respectively. As is seen for the NC clay,
the strain distribution shows a higher degree of inhomogenity when structural changes
are considered.
   Furthermore, the calculations are conducted using the elasto-viscoplastic constitutive
model with material function Åë2, proposed by Adachi, Oka, and Mimura (1987a), which is
introduced in the previous chapter. Material function 02 describes strain-softening when
the stress reaches the failure line. Mf" i's the failure stress rate and Gl is the viscoplastic
parameter. Simulations of the undrained t!iaxial test for GS = 10 and Mf*• = 1.09 have
already been shown in Fig.3.5. The remaining parameters are the same as those listed
in Table 4.2 for the NC clay. The results of the consolidation analysis cannot describe
unstable behavior, and they are almost the same as those of the original model, as shown
in Figs.4.33A-4.35. The model with material function Åë2 describes instability just around
the failure stress ratio line, and cannot predict unstable behaviors during consolidation.
4.4 Summary
In this chapter, one-dimensional consolidation analyses were conducted using the elasto-
viscoplastic constitutive model considering the structural changes proposed in Chapter 2.
The computed results were compared using the proposed model, the original model, and
the model with softening term Åë2.
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   The proposed model considering structural changes can reproduce types of unstable
behaviors during consolidation such as a sudden increase in the strain rate and the tem-
porary increase in pore pressure after stagnation for both NC and OC clay, while the
original model and the model with Åë2 cannot reproduce those types of behavior. More-
over, the distributions of axial strain, when we take into account structural changes in
the constitutive model, exhibit apparent inhomogenity. Specifically, the deformation is
concentrated on the upper part of the clay layer. This phenomenon of the compressive
strain localization due to the collapse of the structure is associated with compaction bands
which may cause a large displacement.
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Figure 4.23: Stress path at the center of the clay layer for OC clay (5=O)
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-It is well known that the mechanical behavior of most natural deposits is anisotropic
due to the growth of anisotropic microstructure formed during the sedimentation process.
Tavenas and Leroueil (1977), Ohtsuki et al. (1981), and Leroueil and Vaughan (1990)
showed that the shape of the yield curve for overconsolidated clay and weak rock indicates
that the material is anisotropic. Boehler and Sawczuk (1977) showed that sand, clay
and stratified rock have the directional character of mechanical properties in the load -
deformation relations and in the conditions of failure. They remarked that diversity in the
mechanical response with orientation or in the privileged plane of transverse isotropy can
be seen. Another investigation in the deformation and the strength properties of oriented
rock was carried out by Lo and Hori (1979). They analyzed the deformation behavior of
soft rock in terms of the cross-anisotropic elastic theory.
   In this chapter, we propose an elasto-p!astic constitutive model for soft rock consider-
ing initial structural anisotropy and discuss a performance of proposed model by applying
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the mpdel for the triaxial test results of soft sedimentary rock sampled
directions.
in the different
   In order to introduce the initial structural anisotropy to the constitutive model, the
tensor products of the vector which specifies a privileged direction are used following
Boehler and Sawczuck (1977). In the present study, the isotropic constitutive model
with strain-softening, proposed by Adachi and Oka (1995), is extended to an anisotropic
model which can describe not only strain-softening behavior and dilatancy, but also the
anisotropic behavior of soft rock. As for the direction dependent plastic deformation,
Boehler's anisotropic theory is adopted to formulate the constitutive model. In the deriva-
tion of the model, the Cauchy stress tensor components are replaced by transformed stress
tensor components which are expressed by a function of the stress tensor and the struc-
ture tensor that de'scribes the direction of the sedimentation plane. The validity of the
proposed model for soft rock is verified through comparisons between simulated results of
triaxial tests and the experimental data.
5.2 ModelingofAnisotropy
In general, anisotropy of geomaterials is considered to be divided into two components,
namely, stress induced anisotropy and inherent anisotropy. It is dificult, however, to
distinguish between the two components for natural deposits. We consider the anisotropy
of soft sedimentary rock to be structural anisotropy which contains both induced and
inherent anisotropy. Although anisotropy may change with loading and other factors,
for simplicity, only the initial structural anisotropy is taken into account in the present
study. In other words, the structural anisotropy of soft rock, formed in the sedimentation
process, is assumed not to change with loading.
   Several methods have been proposed to describe the anisotropy of natural deposits by
the constitutive model. In most of those models, natural deposits have been assumed to
be transversely isotropic, sometimes called cross-anisotropic. Soft rock is also assumed to
be transversely isotropic body in this model; the mechanical behavior would be isotropic
in the bedding plane.
   It has been pointed out that the behavior of natural deposits is characterized by
the characteristic plane. Oda and Nakayama (1989) used a fabric tensor to formulate
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the anisotropic constitutive model for soils. Boehler and Sawczuk (1977) explained the
directional strength of solids through the use of a structural tensor. A similar manner
is adopted and the isotropic model for soft rock proposed by Adachi and Oka (1995) is
extended to an anisotropic one.
   It is well known that soils exhibit anisotropy in both the plastic deformation and the
elastic regions (Graham, Nooman and Lew (1983)). In the case of transversely isotropic
elastic materials, five independent parameters are required for the formulation, which is a
generalized Hooke's Iaw (Love 1927). Graham and Houlsby (1983) proposed a convenient
parameter which expresses the ratio between the horizontal and the vertical stiffness for
the modified elastic matrix. Lo and Hori (1979) discussed how to determine the five
elastic parameters by performing uniaxial compression tests. Kirkgard and Lade (1991)
obtained undrained test results from triaxial tests on cubical sampled clay in both vertical
and horizontal directions, and determined the elastic parameters from the test results.
Shinjo and Komiya (1984) presented a method for determining the five parameters from
triaxial compression tests on variously oriented samples.
   In this model, a generalized Hooke's Iaw is adopted for elastic deformation and Boehler's
theory is used for plastic deformation; an anisotropic constitutive model is proposed for
soft sedimentary rock. In the constitutive model, the total strain increment is the sum of
the elastic strain increment and the plastic strain increment.
deio = d68 + ds9j (5.1)
   In the following section, the formulation of anisotropy for elastic strain and plastic
strain values will be summarized, respectively.
5.2.1 Anisotropy ofElastic Stain
The generalized Hooke's law is given as follows:
 {a} - [D] {E}
{s} - [D]-' {a}
(5.2)
(5.3)
where [D] is the elastic stiffness matrix which is symmetric.
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Structural tensor
   There are five independent elastic moduli, namely, E., Ey, ux., yy., and Gy.. Eq.(5.4)
gives the stress-strain relationship for the case in which the normal to sedimentation plane
coincides with the major principal stress axis, in other words, angle 0 is equal to OO, as
shown in Fig.5.1(a). If angle e is not equal to OO, as shown in Fig.5.1(b), the axis of
stiffness matrix [D] must be rotated. Considering a sedimentation plane which inclines e
degrees from the horizonta! surface around the Z(= Z') axis, [D] must be defined by the
(a;i,x2,x3) coordinate which corresponds to principal stress directions. Stiffness matrix
[D] is expressed by rectangular coordinate (xi,x2,x3) as follows:
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                         ll = cos O, l2 = sin e, l3 =o
                    ml == -sin e, m2 = cos 0, m3 =O
                             ni = O, n2 = O, n3 == 1
   As a result, the anisotropic elastic strain increment is given by the following equation.
                            {d6e} == [D]-i {da} (s.6)
There are five independent elastic moduli, E., Ey, u.., uy., and Gy.. Following the work
of Shinjo and Komiya (1984), these parameters can be determined from the results of
drained triaxial compression tests for three kinds of specimens with different e, namely,
e=OO (vertical), e= 90O (horizontal), and OO Åq 0 Åq 90O (inclined).
5.2.2 Anisotropy ofPlastic Strain
Boehler's theory is adopted for the formulation of the plastic anisotropic deformation. In
that theory, stress tensor oio• is replaced by transformed stress tensor aio•.
   The transformed stress tensor is expressed by the function of stress tensor aio• and
structural tensor Mio• which describes the effect of anisotropy. Structural tensor Mio• is
defined as a tensor product of unit vector ni which is normal to the sedimentation plane.
                        Mij=ni Xnj, (i, oJ =1, 2, 3) (5.7)
As shown in Fig.5.1(a), when the sedimentation plane coincides with the X - Z plane,
namely, angle e == OO , components of the structural tensor can be expressed by the















where X denotes the tensor product.
   Ife l OO, as shown in Fig.5.1(b), structural tensor must be
(xi, x2, x3) coordinate which corresponds to principal stress direction as
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ich [R] is the matrix of the orthogonal tensor components that expresses the rotation





sinO cose O (5.10)
   The transformed stress tensor needs to satisfy the objectivity, and it is assumed to be
expressed by a linear form of the stress tensor aij. Furthermore, it can be expressed by a
linear form of structure tensor thio• since A2tikA2fkj = A2fij• js satisfied. Following Boehler's
theory (1977), a sifuplified form of the transformed stress tensor ai2• js given as
      aio• = (a + or - 26)(th..a..)thij• + 7aio• + (5 - 7)(A2fikahj + aikthkj•) (5•11)
in which or, 5, and or are three independent plastic anisotropic parameters. Although,
in general, five parameters are necessary for transversely isotropic material, only three
parameters are employed to satisfy the condition that aij = oroij for isotropic materials
(Boehler and Sawczuk 1970),
   The components of aio• is expressed as follows:
aii = (a + or - 25)(th..a..) sin2 O + oroii + (5 - or)(2aii sin2 0 - 2oi2 sin 0 cos 0)
ai2 = (a + or - 25)(thmnamn)(- sin 0 cos 0) + orai2 + (5 - or) {ai2 - (aii + o22) sin e cos e}
0i3 == oroi3 + (5 - 7) (ai3 sin2 0- a23 sin Ocos 0)
a21 == S12
622 =: (a + ty - 25)(A2f..o..) cos2 0+ oro22 + (5 - or)(2a22 cos2 0 - 2ai2 sinecos 0)




               thmnamn = aii sin2e+ a22 cos20- 2ai2 sinecose (s.13)
   Adachi and Oka (1995) proposed a constitutive equation for soft rock with both
strain-hardening and strain-softening based on the elasto-plastic constitutive equation
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Figure 5.2: Plastic potential and overconsolidation boundary surface
with memory and internal variables. The anisotropic plastic strain increment is given
by replacing the stress tensor with the transformed tensor in both the yield function
and the plastic potential function. The evolutional equation is introduced for the plastic
deformation on the basis of the non-associated fiow rule.
                           d6:j=Hoa..f,e,.df, (5.14)
in which fy is the yield function, fp is the plastic potential function, and H is the strain
hardening - strain softening function.
  An overconsolidation boundary surface that defines the boundary between the over-
consolidated (fb Åq 0) and the normally consolidated (fb 2 O) regions, shown in Fig.5.2, is
defined. The boundary surface is expressed as
                        fb=h+ M. ln .a".M, ++ bb =o (s.ls)
                                        A-where b and a.b are the material parameters, and ij is the stress ratio invariant given as
                                 AA i
                          h= ((aS.i2iii)2)2 (5'16)
in which 9ij is a deviatoric component and a. is a spherical component of transformed
stress tensor 0ij•.
   In the proposed model, a stress history tensor which denotes a memory of stress with
respect to the strain measure, was introduced. Stress history tensor a,'•j• is expressed by
an exponential type of kernel function as
         a,'•,• = ; f,Z exp [- (z - z') /7] [ai,J (z') - cri,• (O)] dz' + aij (O) (5.17)
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in which aio•(O) is the stress tensor when z is equal to zero. Here, x is a strain measure
defined by the second invariant of deviatoric strain increment deij• as
                              dz=(de,jdei,)} (5.18)
Stress history tensor o,*•]• is also transformed to 6,'•o• by Eq.(5.11). The yield function can
be written as
                            f,=fi* -K ==O (5.19)
where n' is a stTess history ratio invariant given by
                                             2
                       h*==(h,'•,•ep",',•)Å}=(Sit.,S",z'o)2 (s.2o)
in which Si•j i's a dgviatoric component and ain is a spherical component of transformed
stress history tensor a,*•o•. Strain hardening - softening parameter K is assumed to increase
with the progress of the plastic deviatoric strain invariant as
                          d.=G'(MSf,- K)2dorp (s.21)
In the above equation, Mf' js a value of the stress ratio at the large strain strength state
and orP is an accumulated plastic strain invariant, namely,
                      orp =fdorp, dorp == (dee•,dee,)S
where de{j• is the plastic deviatoric strain increment tensor.
   The following plastic potential function is used.
                        f, = h+Mln .a".M, ++ bb =O
In the overconsolidated region (fb Åq O), M is obtained by
                                     A-
                            M-- op
                               M ln .6,'.n,++bb
After the stress state has reached the normally consolidated region (fb ) O),
                               M :Mm
is always valid. Here, M. is the value of ij at whic
   Taking account of the above relations, the
follows:
     d,:, =A[ii'lyg, + (M - h) Eil;'zj] [il.liien,` - fi*EIIi'Li] d..0.,n`• A- G, (.Iii.il,fi fi,)2





   h maximum compression takes place.
plastic strain increment tensor is given as
                             (5.26)
5.3 Application to Soft Sedimentary Rock
In order to discuss the performance of the proposed model, we apply the model to soft
sedimentary rock, called Tomuro stone. Firstly, we present the experimental results of
drained triaxial compression tests on variously oriented samples, performed by Kobayashi
(2000), Oka et al. (2002), and Adachi et al. (2002). Secondary, numerical simulations
using the proposed model are presented, and finally, we compare the experimental results
with numerical simulations.
5.3.1 Drained [I]riaxial Compression Tests of Tomuro Stone
Tomuro stone is a tuffaceous soft rock and a kind of Ohya stone which is produced in
the Tomuro district of Ohya Town in Tochigi Prefecture located in north eastern part
of Japan. In Ohya Town, tuffaceous soft rock layers of volcanic origin, called green tuff,
exist. The sedimentation of these layers occurred 20 million years ago in the sea. The
layers are inclined at 8-9 degrees with respect to the horizontal plane. Tomuro stone has
fewer black or dark brown spots that contain montmorillonite and zeolite, etc. (Sudo
and Shimada 1978). A block sample was vertically sampled from the Tomuro district;
it is assumed that the plane of sedimentation mostly coincides with the horizontal plane
in this location. As shown in Fig.5.3, the plane normal to vertical axis Y is called the
sedimentation plane in the following. The specimens for the triaxial tests were cut in
several directions from the block sample. Angle e is defined as an angle between normal
to sedimentation plane and the symmetrical axis of cylindrical specimen.
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     Figure 5.3: Sampling directions
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   Relationships between deviator stress q(= ai - a3) and deviatoric strain eii for con-
fining pressure of O.19 kPa are shown in Fig.5.4(a). Typical strain-softening behavior is
observed, in other words, the stress increases at an early stage of shearing, reaches a peak
stress, and then decreases and approaches a residual strength. The peak strength changes
with angle e and the minimum value is found to be around e =600 in all cases. In addition
to peak strength, the initial rigidity also changes with angle e.
   Fig.5.4(b) shows the relationships between volumetric strain v and deviatoric strain
en. the volumetric strain is compressive at the early stage ofshearing, thereafter, it starts
to expand before reaching the peak strength. Dilatancy characteristics also depend on
the angle of e, and volumetric compression at the early stage of shearing decreases when
angle 0 becomes larger. The volumetric expansion at a large Ievel of strain differs from
e=O O to e=90 e , and the minimum amount of volumetric expansion occurs around e= 45
O , as seen in Fig.5.4(b)-
5.3.2 Simulation ofDrained 'Ii'iaxial Tests
Four different models, namely, ( I ) an isotropically elastic - plastic model which is a
perfectly isotropic model, ( ll ) an anisotropically elastic - isotropically plastic model in
which the anisotropy of the elastic strain is considered, (M) an isotropically elastic -
anisotropically plastic model in which the anisotropy of the plastic strain is considered,
and (IV) an anisotropically elastic - plastic model in which the anisotropy of both the
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elastic strain and the plastic strain are considered, are used in the simulation of drained
triaxial compression tests.
   Constant strain rate drained triaxial compression tests under a confining pressure of
O.19 MPa are simulated using each constitutive model. The material parameters used
in the analyses were determined from the vertical cut specimen (e==OO ); they are given
in Table 5.1. The elastic anisotropic parameters are determined from drained triaxial
compression tests in different direction and Iisted in Table 5.2. The plastic anisotropic
parameters dv, 6, and or were determined from the relations between peak strength and
the angle of sampling direction as listed in Table 5.3.













Table 5.3: Anisotropic plastic parameters
cuO.90
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(1)Analysis I (Isotropically elastic - plastic model)
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            Figure 5.5: Analysis I (Isotropically elastic - plastic model)
   The calculated results of the deviator stress q - deviatoric strain en relations and the
volumetric strain v - deviatoric strain en relations are shown in Fig.5.5. Naturally the
isotropic model cannot describe the angle e-dependent material properties, although it
can describe the experimental results of the vertical specimen (e = O O ) well.
(2)Analysis " (Anisotropically elastic - isotropically plastic model)
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     Figure 5.6: Analysis ll (Anisotropically elastic - isotropically plastic model)
   The relations between deviator stress q and deviatoric strain eii as well as volumetric
strain v and deviatoric strain eii are shown in Fig.5.6. The anisotropic elastic parameters
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are listed in Table 5.2. The model can simulate the experimental findings that the initial
rigidity as well as the peak strength changes with angle e, defined as the angle between
the sedimentation plane and the direction of the major principal effective stress, and
that they take their minimum values around e=45O. It can more or less describe the
stress-strain relationship and dilatancy behavior at the early stage of shearing. However,
it cannot express the behavior during the softening process up to the residual strength,
nor can it describe the anisotropy of the residual strength.
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M (Isotropically elastic - anisotropically plastic model)
   The relations between deviator stress q and deviatoric strain eii as well as volumetric
strain v and deviatoric strain ell are shown in Fig.5.7. The elastic parameters are Young's
modulus E=900 MPa and Poisson's ratio u=O.0613. The anisotropic plastic parameters
are listed in Table 5.3. The model can simulate the angle e dependency of the stress-strain
relations as well as the dilatancy characteristics; it also can express changes in both peak
and residual strengths according to the changes in angle e. However, it cannot describe
the angle e dependency of the initial rigidity.
(4)Analysis IV (Anisotropically elastic - plastic model)
   Fig.5.8 displays the relations between deviator stress g and deviatoric strain en as
well as volumetric strain v and deviatoric strain eii. The anisotropic elastic parameters
and the anisotropic plastic parameters are the same as those used in Analyses ll and M.
Variations in initial rigidity, peak strength, residual strength, and dilatancy characteristics
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          Figure 5.8: Analysis IV (Anisotropically elastic - plastic model)
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the experimental results, except for that it underestimates the amount of volumetric strain
during the residual stage.
5.3.3 Comparisons and Evaluation ofthe Four Models
                                             Experiments
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           Figure 5.9: Change in peak strength with respect to angle e
   In order to find the most appropriate constitutive model, the analytical and the exper-
imental results are compared with respect to peak strength q..x, residual strength qres,
maximum volumetric strain v..., and Young's modulus E.
   The relationships between peak strength q... and angle e are shown in Fig.5.9. From
the comparison, it is obvious that Analysis IV is superior in regard to explaining the
experimental results. Analyses ll and M overestimate the peak and the residual strengths,
and they show that the strengths take their minimum values at e = 45e while the
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experimental results take their minimum values at e
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Figure 5.12: Change in Young's modulus with respect to angle e
experimental results can be well explained.
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   From the above discussions, it can be concluded that Analysis IV is superior in re-
gard to explaining the experimental findings, and that the anisotropic elasticity describes
anisotropic deformation up to the peak strength, while anisotropic plasticity mainly con-
trols the behavior after peak to residual strength.
5.4 Summary
An elasto-plastic constitutive model for soft rock has been extended to an anisotropic
model based on the transformed stress concept. The proposed model was then applied to
the anisotropic behavior of soft rock, and a comparison was made between the analytical
results of the isotropic model and those of the anisotropic model. An extended elasto-
plastic model in which anisotropy is considered in both elastic and plastic deformations
can reproduce transversely anisotropic characteristics, namely, the angle e dependency on
soft rock obtained by the triaxial test•s, except for that it underestimates the amount of




Studies on the anisotropy of natural clays have shown that they exhibit anisotropic stress-
strain and strength behavior, but the anisotropy varies for different soils. Mitchell (1972)
conducted triaxial tests on one-dimensionally consolidated clay which is sampled hori-
zontally and vertically, and found that the strength is about 10oro greater for the vertical
specimen than for the horizontal one. Kirkgard and Lade (1991) performed undrained
triaxial tests on intact specimens of San Francisco Bay mud clay trimmed in horizontal
and vertical directions, and showed that the undrained shear strength is greater for the
horizontal specimens at a higher confining pressure. Dunkan (1966) has summarized the
data of the variation of compressive strength with orientation of the sample, and showed
that the relationship between strength and the sampling direction was different for each
clay. Furthermore, Adachi et al. (1991) conducted triaxial tests on Eastern Osaka clay
sampled at different angles of Oe ,30O ,60O ,and 90O from the sedimentation plane.
They observed that the maximum strength is obtained with the OO angle, and the min-
imum strength is obtained with the 60 O or the 90 O angle (see Fig.6.1).
  In this chapter, the effect of the anisotropy on strain localization is studied. Undrained
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Figure 6.1: Experimental results of Eastern Osaka clay sampled in different directions
          (Adachi et al. 1991)
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compression tests for a specimen with different angles of the sedimentation plane are
simulated using the elasto-viscoplastic constitutive model which is extended to describe
the anisotropy of the viscoplastic strain. Simulations are conducted under plane strain
conditions with displacement control. The way to express anisotropy in the constitutive
model is similar to that of the elasto-plastic model for soft rock proposed in Chapter 5;
the transformation stress concept by Boehler and Sawczuk (1977) is used for viscoplastic
strain. We evaiuate the effect of anisotropy on strain localization as well as the stress-
strain relation and the stress path. Since the shape of shear bands strongly depend on
the anisotropic viscoplastic parameters, parametric studies on the anisotropic parameters
6.2 Anisotropy ofViscoplastic Strain
It should be noted that the anisotropy of the viscoplastic strain is considered, and the
anisotropy of the elastic strain is disregarded in this chapter in order to evaluate the effect•
of the viscoplastic anisotropy on shear localization.
   Based on Boehler's theory, stress tensor a'io• js replaced by transformed stress tensor
aij. The transformed stress tensor is given in the previous chapter as
        ai,• = (dv + or - 25)(A2f..a..)thij + oraij• + (5 - 7)(thikokj' + aikthkj') (6•1)
in which AZij is the structural tensor which describes the direction of the symmetrical axis
for the transversely isotropic body, and which is defined as a tensor product of the unit
112
Displacement control with










le f imentation plane
Horizontally fixed
Figure 6.2: Definition of angle e and boundary conditions
vector which is normal to the sedimentation plane. cy, 5, and 7 are three independent
plastic anisotropic parameters.
  In the analysis under plane strain conditions, stress components axx, axy, ayy, and azz
are used. Hence, the components of the transformed stress tensor axx, Oxy, Oyy, and 0zz,
are considered here as follows:
axx = (a + or - 26)(abmnomn) sin2 e + ryaxx + (6 - or)(2a.. sin2 0 - 2o.y sin e cos e)
Oxy = (cu + or - 25) (A2fmnamn)(- sin ecos e) + ora.y + (6 - 7) {a.y - (u.. + ayy) sin e cos e}
Oyy = (cy + or - 26) (A2tm.a..) cos2 0 + orayy + (5 - 7) (2ayy cos2 e - 2a.y sin e cos e)
in which
              thmnamn = axx sin2 e+ ayy cos2e- 2a.y sinecose (6.3)
Angle e is determined as the angle between the normal to the sedimentation plane and the
y-direction in the x-y plane, in other words, the angle of inclination of the sedimentation
plane from the horizontal plane, namely, the x - z plane, as shown in Fig.6.2.
  The finite element formulation for the strain localization analysis was already pre-
sented in Chapter 3. Numerical simulations of undrained compression tests under plane
113
strain .conditions with displacement control were conducted, using the elasto-viscoplastic
constitutive model considering both structural changes and viscoplastic anisotropy. It
should be noticed that structural changes are considered, in other words, structural pa-
rameter 5,, which is represented as 6 in Chapter 2, is set to be 20 in all the calculations,
in order to obtain the apparent shear localization. Structural changes do not of course
effect the anisotropic behavior. Stress components are replaced by the transformed stress
components to obtain the viscoplastic strain, namely, the overconsolidation boundary
surface, the static yield function, and the plastic potential surface are expressed by the
transformed stress in the elasto-viscoplastic constitutive equation.
   The finite element mesh and the boundary surface are the same as those used in
the simulations of undrained compression tests in Chapter 3 as shown in Fig.6.2. The
specimen is 10 cm iin height and 5 cm in width with two hundred elements. The constant
axial displacerr}ent is set to be O.O05oro/min. Simulations are performed for NC clay at
different angles of the sedimentation plane, namely, 0=OO ,30O ,60O ,and 90O . The
material parameters are shown in Table 6.1.
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Figure 6.3: Classification of anisotropic parameters
2
of or, 6, and or
6.3 Anisotropic Parameters or, 5, and or
In a previous study, the effect of anisotropic parameters a, 6, and or on the peak strength
in the elasto-plastic model was evaluated in simulations of triaxial compression tests. We
have confirrned that the effect of the anisotropic parameters on the peak strength are the
same for both the elasto-plastic model and the elasto-viscoplastic model.
   From the relationship between the peak strength and angle e, sets of parameters dv,
5, and or can be classified into thirteen groups, namely, Type I+, Type L+, Type J+,
rl]ype U, Type J-, Type L-, Type I-, Type r+, Type r+, Type A, Type r-, Type F-,
and Type O, as shown in Fig.6.3. Changes in peak strength with respect to angle e for
each type are illustrated in Fig.6.4. The effect on the strength depends on the ratio of
the anisotropic parameters. For Types r-, I+, L+, and J+, the peak strength reaches
the maximum value when angle 0=O O . For Types J-, L-, I-, and r+, the peak strength
yields the maximum value when angle 0=:90O . For Type U, the maximum values for
the peak strength are reached at angles of 0=OO and 90O . For Type A, the minimum
value for the peak strength are obtained at angles of e=OO and 90O . Type O gives the
isotropic model, in which the transformed stress tensor coincides with the stress tensor.
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Figure 6.4 : Changes in peak strength with angle 0 for each type
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rameters which are denoted by e in Fig.6.3 for sedimentation angles of e=OO , 30O , 6oO ,
and 90 O . The values are listed in Table 6.2. Parameter a is set at 1.0 in all analyses.
           Table 6.2: Sets of anisotropic parameters used in the analysis
Type I+ J+ U J- L- I- r+ A r- r- o
5 1.2 1.4 1.4 1.4 1.0 O.8 O.6 O.6 O.6 1.0 1.0
or 1.4 1.2 1.0 O.6 O.6 O.6 O.8 1.0 1.4 1.4 1.0
   Let us see the simulation results for each type of angle e=OO . Figs.6.5(a) and (b)
show the distribution of viscoplastic deviatoric strain at axial strains of O.6%, 1.0%, 2.0%
and 5.0%, and deformed meshes at an axial strain of 5.0% for the specimen of angle
0=O O . Shear bands are formed symmetrically in all the simulations. The angles of the
shear bands are obtained from the distribution of viscoplastic deviatoric strain at an axial
strain of 5.091o as shown in Fig.6.6. The angles of the shear bands are slightly different for
each type, and a minimum value of 41 e is obtained for Type J-.
   Figs.6.7(a) and (b) show the distribution of the viscoplastic deviatoric strain with
axial strain and deformed meshes for the specimen with an angle 0=30O . The shear
Iocalization strongly depends on the anisotropic parameters. For Types r+, A, and r-,
the shear localization occurs at the edge of the specimen, and an apparent band is formed.
Fig.6.8 compares the angle of shear bands determined from the distribution of viscoplastic
deviatoric strain at an axial strain of 5.0%. A shear band forms in the direction across the
sedimentation plane for Types r-, I+, J+, and U, while it forms in the direction along
the sedimentation plane in other cases. The angles of shear bands decrease from Type I+
to J+ to U and to J-. Next, they increase from Type J- to L- to I- and to r+. Then,
they decrease again to Type P. The maximum value of a shear band is obtained at 57O
for Type r+, and the minimum value is obtained for Type J-.
   Figs.6.9(a) and (b) show the distribution of viscoplastic deviatoric strain with axial
strain and deformed meshes for the specimen with an angle e==60O . Fig.6.10 compares
the angles of the shear bands. Apparent shear bands form in Types J-, L-, I-, A, and
r-. The angles of the shear bands increase from Type J+ to U and to J-. Next, they
decrease to L- to I- and to r+. Then, that increase again to Type r-. This tendency is
opposite to that of the 30 O angle. A maximum value of 58 O is obtained for Type r-,
while a minimum value of 39 O is obtained for Type J+.
117
   Figs.6.11(a) and (b) show the distribution of viscoplastic deviatoric strain with axial
strain and deformed meshes for the specimen with an angle 0=90 O . The shear localization
forms symmetrically in all cases. The geometry of the shear bands at an axial strain of
5.0% is compared in Fig.6.12. For Types J-, L-, and I-, two shear bands are formed, while




For comparison, simulations with other sets of anisotropic parameters are performed
the case of an angle e==30 O . Parameters are denoted with * in Fig.6.3 and are listed
Table 6.3. The distribution of the viscoplastic deviatoric strain with axial strain and
Table 6.3: Sets of anisotropic parameters used in the analysis
Type I+ J+ U J- L- I- r+ A r- r-
5 Ll 1.2 1.2 1.2 1.0 O.9 O.8 08 O.8 1.0
or 1.2 Ll 1.0 O.8 O.8 O.8 O.9 1.0 1.2 1.2
deformed meshes are shown in Figs.6.13(a) and (b), and the angles of the shear bands
are demonstrated in Fig.6.14. Let us compare Fig.6.14 and Fig.6.8 which shows the
previous results. Although the obtained angles of the shear bands are larger for all types
in Fig.6.14, similar tendencies can be seen except for Types r+, A, and r-. The largely
different values between 5 and or provide the large values for the angles of the shear bands,
and an apparent shear band is formed when an angle is Iarge enough.
   Next, let us see the obtained results from another respect. Fig.6.15ns-6,25 demonstrate
the stress-strain relations and the stress paths with the distribution of viscoplastic devia-
toric strain for each type. These figures are for comparing the results of different angle e
values. The distribution of the viscoplastic volumetric strain, mean effective stress, and
the pore water pressure are shown for Type J- in Fig.6.17.
   We start with the results of Type O, an isotropic model. This calculation has already
been performed in Chapter 3 in the simulation of undrained compression tests for struc-
tured soil. The results for angles of e==Oe ,45O ,60O ,90O are naturally the same, as
shown in Fig.6.15. Let us see the case of Type I+ shown in Fig.6.16. From the previous
work (Adachi et al. 1991, see Fig.6.1), Eastern Osaka clay is classified in this type from
118
the changes in peak strength with angle e. In this type, the peak strength
maximum value at e =OO and the minimum value at e==90O .
obtains the
   The characteristics of Tomuro Stone can be classified into Type J+ from the exper-
imental results presented in the previous chapter. The maximum value for the peak
strength is obtained at e=OO , and the minimum value is obtained at 0==60O . Shear
localization occurs across the sedimentation plane in the simulation for angle e=30 e , as
shown in Fig.6.17. It should be noted that the simulation is conducted under plane strain
conditions, while the experiments were performed under triaxial stress state. Hence, sim-
ulations should not be simply compared with experimental results.
   In the case of Types U and A, shown in Figs.6.18 and 6.23, the stress-strain relations
and the stress paths coincide between OO and 90O ,and 30O and 60O ,respectively.
Shear bands form symmetrically in the case of 30O and 60O . For Types J-, L-, and I-,
the strength of angle 0=90O is much larger than that for other angles.
   When an apparent shear band is formed, namely, angle e==60O for Type J- (see
Fig.6.19), angle 0==60O for Type L- (see Fig.6.20), angle e=30O for Type r+ (see Fig.6.22),
angle e=30O and 60O for Type A (see Fig.6.23), and angle e==30O and 60O for Type r-
(see Fig.6.24), a sudden decrease in the average vertical stress is observed in the average
stress-strain relation.
   From Fig.6.19, we confirm that the distribution of mean effective stress and the pore
water pressure also show anisotropy. The difference of,the pore water pressure in the
specimen is, however, less than 1.0 kPa,
6.4 Summary
In this chapter, the effect of anisotropy on the strain localization was evaluated. The
characteristics of shear localization strongly depend on the angles of the sedimentation
plane. Shear bands form symmetrically in the case of the isotopic model, while they form
asymmetrically in the case of the anisotropic model, except for angles of e==O a and 90 a .
The form of the shear bands depend on the set of anisotropic parameters, namely, cif,
5, and or, and there is a tendency for each type classified by the relationship between




stress decreases suddenly after the peak stress when an apparent shear band is
   In future studies, further investigation into the development of
structural clay are necessary.
shear ban ds in anisotropic
A•
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(a)Distribution of viscoplastic deviatoric strain and deformed meshes (e =O O )
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 Figure 6.16: Simulation results for Type I+
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Figure 6.18: Simulation results for Type U
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6.21: Simulation results for Type I-
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Chapter 7
7.1 Summary and Conclusion
In the present study, the effect of structural changes and anisotropy were introduced to an
elasto-viscoplastic constitutive model for clay and an elasto-plastic constitutive model for
soft rock. The proposed models for clay were applied to numerical simulations of strain
localization and also to a one-dimensional consolidation. The following conclusions were
obtained from the present study.
   In Chapter 2, the effect of structural changes, namely, the collapse of the microstruc-
ture, was introduced to the elasto-viscoplastic model proposed by Adachi and Oka (1982).
Structural changes were described as the shrinking of the overconsolidation boundary sur-
face and the static yield function, with an increasing viscoplastic strain. The proposed
model was applied to undrained triaxial tests on Tsurumi clay, and compared to experi-
mental results with reference to stress--strain relations and stress paths. It was determined
that the model can well reproduce the mechanical behavior of structured clay. In the
slightly overconsolidated region, however, the stress path cannot describe the actual be-
havior well. The instability of the proposed model was evaluated during both undrained
creep and secondary consolidation. The model can be unstable around the failure stress
ratio line in both NC and OC regions. Moreover, during secondary consolidation, namely,
under a constant stress, the model exhibited instability depending on the set of structural
parameters, It should be noted that the unstable region in this model depended not only
on the current stress state, but also on the strain history.
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   In Chapter 3, the effect of structural changes in the constitutive model on strain lo-
calization was examined by a numerical sirr}ulation of the shear tests with displacement
control under plane strain conditions. Simulations were performed for both undrained
and partially drained conditions. From comparisons of the proposed model and the orig-
inal model, the shear localization was more apparent in the proposed model, considering
structural changes than that obtained from the original model. Under drained conditions,
the deformation was concentrated on the upper parts of the specimen for the NC clay
and on the lower parts for the OC clay. This is a' phenomenon of the localization of com-
pressive strain. As for the angles of shear bands, larger values for structural parameter 5,
which describes the rate of degradation of the structure, provided smaller values for the
angles of shear bands.
                pt
   In Chapter 4, an unstable behavior during consolidation was reproduced using the
proposed model by a numerical simulation of a one-dimensional consolidation. According
to the simulation results, types of unstable behavior such as pore water generation and a
temporary increase in the strain rate can be described. The distribution of axial strain in
the clay layer exhibited higher inhomogeneity, which corresponds to a compaction band,
than that of the original model.
   In Chapter 5, an elasto-plastic constitutive model for soft rock has been extended
to an anisotropic model based on the transformed stress concept. The proposed model
was applied to drained triaxial tests on Tomuro stone sampled in different directions.
From comparisons of the experimental results and the simulations, an extended model
considering both elastic and plastic anisotropy can well reproduce the anisotropic behavior
of soft rock, namely, the angle dependency on the deformation.
   In Chapter 6, the transformed stress concept was applied to the elasto-viscoplastic
constitutive model, and then extended to the anisotropic model. Undrained compression
tests with different angles for the sedimentation plane were performed using the extended
model in order to evaluate the effect of anisotropy on strain localization. The shape of the
shear bands strongly depended on the angle of the sedirnentation plane. The tendency of
shear localization also depended on the anisotropic parameters. If the difference between
the anisotropic parameters was large, an apparent shear band formed with a large angle,
nearly 60" , when the sedimentation plane inclined at 30O and 60O from the horizontal
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plane.
   The proposed model, which considers the soil structure, can indeed reproduce unstable
behavior concerning compressive deformation as well as shear failure, while the original
model, with material function Åë2, cannot describe instability during the consolidation
process. The extended anisotropic model for soft rock and clay can describe the diverse
anisotropy of geomaterials well.
7.2 Recommendation for Future Work
Topics for future research are suggested based on the findings of this work. Subjects that
deserve future investigation include the following.
   The present model for clay is based on the elasto-viscoplastic theory. Since it is known
'that the behavior of clay is viscoelastic for small levels of strain, it is necessary to consider
the viscoelasticity in order to explain more accurately the deformation characteristics of
clay.
   The effect of structural changes on strain localization was analytically studied in Chap--
ter 3. To complete the development of the constitutive model and to reveal the mechanism
of the localization, further experimental research on structured soils with respect to strain
localization is required. In addition, these studies can be applied to practical problems
such as slope failure.
   In the proposed anisotropic model, only the initial structural anisotropy is considered.
To describe real behavior, however, anisotropy induced by stress and/or strain should
also be taken into account. Furthermore, the actual behavior of the shear localization
for specimens sampled with different angles is needed in order to evaluate the proposed
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